Morphotectonic Indices of Drainage and Landscape and their bearing on Active Tectonics in the Goriganga River Basin, Eastern Kumaon Himalaya by Khan, Mohd. Nazish
Aligarh Muslim University 
Department of Geology 
 
December 16, 2016 
Dr. S. Farooq 
Professor 
 
 
CERTIFICATE 
 
 
This is to certify that Mr. Mohd. Nazish Khan has carried out the investigation on 
Morphotectonic indices of drainage and landscape and their bearing on active tectonics 
in the Goriganga River Basin, eastern Kumaon Himalaya under my supervision for 
award of the degree of Doctor of Philosophy of the Aligarh Muslim University, Aligarh. 
The work is an original contribution to the existing knowledge of the subject. 
He is allowed to submit the work for award of the Ph.D. degree of the Aligarh 
Muslim University, Aligarh. 
 
 
Dr. S. Farooq 
(Supervisor) 
 Acknowledgement 
 
I wish to thank Prof. S. Farooq for creating in me an interest in the lofty Himalaya, and 
processes of active tectonics that perpetually change the shape of this orogen, and for 
encouraging, helping and guiding me through the years that I’ve been engaged in the 
investigation of the active tectonic processes in the eastern Kumaon Himalaya.  
I would like to extend my appreciation to the Aligarh Muslim University for the academic 
and technical assistance provided to me for the conduct of my research work. Thanks are 
due to the Chairman Department of Geology for providing institutional facilities 
necessary for this work. I am also thankful to the University Grants Commission for 
financial support in the form of a fellowship for the pursuit of this research work. 
A research grant NRDMS/11/1669/10/Pr:9 by the Department of Science & Technology, 
Government of India to my research guide, which helped procure data for this study and 
facilitated field work is gratefully acknowledged.  Landsat data made available under 
NASA sponsored Global Land Cover Facility (GLFC) were used for this study.  The 
SRTM DEM data made available by Consultative Group on International Agricultural 
Research (CGIAR) - Consortium for Spatial Information (CGIAR-CSI) is thankfully 
acknowledged. 
I also wish to thank my colleagues and teachers and all technical staff of the Department 
of Geology, Aligarh Muslim University for their support, and to my uncle Mr. 
Jamaluddin and my wife Shabnam Ghazi for their unflinching support and 
encouragement at times when it was needed most.   
 
Aligarh 
December 2016          (Mohd. Nazish Khan) 
 v 
 
Contents             
1 Introduction  
  The Prologue 1 
  Morphotectonic analysis 4 
  Societal relevance of active tectonics 6 
  Aims and objectives of this investigation 10 
  Considerations for selecting the Goriganga basin for this 
study 12 
  What is in this thesis 13 
  Possible users of this study 14 
    
2 The Regional Framework  
  Wider framework of the Himalaya 17 
  The Kumaon Himalaya 19 
  The Siwalik domain 20 
  The Lesser Himalayan domain 21 
  The Himadri domain 21 
  The Tethys domain 22 
  Transverse faults and folds 23 
  Drainage and landforms 24 
  Seismicity 25 
  Present and past climate 27 
  Microclimate and natural disasters 28 
    
3 The Study Area: Tectonics, Geology and 
Geomorphology  
  The Goriganga Basin 31 
  Geology and Tectonics 32 
  Geomorphology and drainage 36 
  Climate and rainfall 37 
  Active tectonics around Goriganga basin 38 
  Recent Landslides 42 
  Developmental activities 43 
   
 
4 Data Used: Sources and Processing Methods  
  Introduction 47 
  Data sources 47 
  Digital Elevation Models 48 
  Multispectral Data LANDSAT (OLI) 50 
  Topographic Maps 51 
  Geological data 52 
 vi 
 
  Earthquake database 52 
  Landslide database  
52 
 Software used  
  ArcMap  with  TAUDEM  Plugin 54 
  ENVI  Classic  5.0 54 
  Map  Maker 56 
  Global Mapper 56 
  MicroDEM 
57 
 Methods of data analysis 
 
  Methods  of  Stream  Delineation 57 
  Method  of  Image  Classification 59 
  Flowchart of Methodology 61 
5 Results, Analysis & Discussion 
 
  Introduction  63 
  Mountain front sinuosity (Smf) 67 
  Cannel sinuosity (Cs) 69 
  Form Factor (Ff) 70 
  Asymmetry Factor (Af) 71 
  Drainage Density (Dd): 73 
  Basin elongation ratio (Re): 74 
  Length of Overland Flow (Lg) 76 
  Basin Shape Index (Bs) 77 
  Hypsometric integral (HI) 78 
  Valley floor width to height ratio (Vf) 80 
  Relief Ratio (Rr) 82 
  Stream Length Gradient Index (SL): 83 
 Spatial Distribution of Geomorphic Indices 84 
 Index of Relative Active Tectonics (IRAT) 90 
    
6 Field & Other Evidences of Active 
Tectonics  
  Introduction 95 
  Fault Scarps 96 
  Hydrothermal Assemblages 97 
  Waterfalls 99 
  Landslides 99 
  Seismicity 103 
  Drainage Network Anomalies 105 
  Stream Orientation and Active tectonics 106 
 vii 
 
 
 
 Description and Analysis of Morphotectonic 
Features 106 
  Window  1:  Channel Avulsion  (Ralam) 107 
  Window  2:  Compressed  Meander  (Bogdiyar) 107 
  Window 3: Compressed Meander (Darma North) 109 
  Window 4: Compressed Meander (Darma South) 109 
  Window 5: Compressed Meander (Kholiagaon) 110 
  Window 6: Compressed Meander (Toli) 111 
    
7 Conclusions & Recommendations  
  General conclusions 113 
  Stress directions 118 
  Morphotectonic Model of the Goriganga Basin 119 
 Recommendations 120 
  Hydroelectric projects 120 
    
References 123 
 0 
 
  
1 
Chapter 1 
Introduction 
 
 
 
 
 
 
The Prologue: 
The 21
st
 century brought with itself renewed public awareness of natural hazards.  
Recent catastrophic events like the Great Tangshan earthquake of 1976, the 
Bangladesh floods of 1998, the Indian Ocean earthquake and tsunami of 2004, the 
Muzaffarabad earthquake of 2005, or the Nepal earthquake and related landslides of 
2015 not only made it to news headlines around the globe, but also contributed to a 
profound public desire to gain an understanding of natural hazards. Many of the 
calamities like earthquakes, landslides, tsunami, floods etc. that take a heavy toll on 
human life, health and property each year, are related with the critical balance of 
tectonic processes within the lithosphere and processes of weathering, erosion and 
mass wasting which operate at the surface and are driven largely by climate. The 
tectonic and surface processes work in tandem to carve landscapes and landforms, 
which indeed bear an imprint of the relative timing and magnitude of these processes. 
Whereas the effects of tectonic uplift on surface processes like weathering and 
erosion have long been recognized, the reverse viz., the effects of erosion on tectonic 
activity has invoked interest only in recent years (Willett et al., 2006). To understand 
this relationship, one needs to consider the interactions between erosion and tectonics 
and the environmental implications of these interactions. Notwithstanding the 
complexities of these relationships, one thing is clear – the Earth's landscape is a 
product of two variables – tectonics, which creates topography and maintains relief 
through deformation and uplift; and climate which directs and maintains erosional 
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processes that denude upland areas over time (Whittaker, 2012). The interaction of 
these processes can produce, modify and destroy landform features over the Earth's 
surface.  
Study of these tectonic processes – how they are operating in the present times, 
how motions of lithospheric plates are accommodated by abrupt movements like 
faults and earthquakes, or slow and gradual movements like the development of folds, 
ground tilting or uplift of landform features, and formation of other structures on the 
edges or interiors of lithospheric plates – is the subject matter of active tectonics. To 
put things simply, active tectonics refers to the study of deformation of the earth's 
crust on a time scale of significance to human society (Keller and Pinter, 2002). 
Whereas it is not possible (as of date) to directly observe the interior of the 
lithosphere, it is easy to visualize and even quantify the dynamics of the lithosphere as 
reflected in the process of landscape and landform development as a consequence of 
uplift and erosion. Tectonic geomorphology deals with relations between tectonics 
and geomorphological processes shaping areas of active Cenozoic deformations 
(Burbank and Anderson, 2011). Geomorphometrics is the discipline based on the 
computational measures of the geometry, topography and shape of the Earth's surface, 
and temporal change thereof (Turner, 2006). Active tectonics, as deciphered from 
basin morphometric indices can indicate the presence of dislocations like thrusts, 
faults or shears, active ruptures, short time-span slip rates which displace landforms 
and long time-span slip rates which influence landform evolution. Distinct 
geomorphic features resulting from both vertical and lateral displacement of surficial 
deposits and landforms characterize active faults (Wallace, 1990). The most reliable 
geomorphic features indicative of active tectonics include closed depressions and sag 
ponds, grabens, offset or deflected stream channels, scarps in young alluvium, side-
hill benches and troughs, ponded or dammed alluvium, and strongly pronounced tonal 
contrasts (Witter et al., 2003) reflecting abrupt changes in lithology or vegetation as 
seen in aerial photographs and satellite imageries. Other features, such as faceted and 
linear ridges, linear stream valleys and gullies, aligned notches and saddles, linear 
geologic contacts, and shutter ridges may also indicate faulting. Such features 
however, may also result from erosional processes (Smith, 1981). 
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Understanding the interactions and feedbacks shared between erosion and 
tectonics necessitates an understanding of the principles of isostasy, which propound 
that the state of gravitational equilibrium between Earth's lithosphere (when free to 
move) and the asthenosphere is such that the lithosphere "floats" in the asthenosphere 
at an elevation that depends on its density and thickness (Ben and Marshak, 2004). 
This concept is used to explain how different topographic heights exist on the Earth's 
surface. Isostatic uplift is both a cause and an effect of erosion. Likewise, erosion too 
is both a cause of uplift and its effect.  When deformation occurs in the form of crustal 
thickening, an isostatic response is induced causing the thickened crust to rise. The 
resulting surface uplift leads to enhanced elevations, which in turn induces erosion 
(Brown and Rushmer, 2008).  Alternately, when a large amount of material is eroded 
away from the Earth's surface, uplift occurs so as to maintain isostatic equilibrium. 
Thus, high erosion rates can draw up material from the lower lithosphere and 
asthenosphere over significant horizontal areas. This process is known as isostatic re-
equilibration or rebound, and is the Earth's response to the removal of large rock 
masses and glacial ice sheets. 
Isostatic uplift and attendant erosion are responsible for the formation of 
regional-scale as well as localized geologic structures and landform features. Isostatic 
rebound, resulting from the removal of rock underlying confined areas of rapid 
erosion – as for instance along narrow river valleys – causes the weakened lithosphere 
to rise along the median part of the river valley in the form of an anticline. These are 
termed 'river anticlines' (Montgomery and Stolar, 2006). The two factors influencing 
the development of this structure are stream power of the concerned river and the 
flexural rigidity of the lithosphere being acted upon. At this point it may be noted that 
most of the large, antecedent Himalayan rivers flow transverse to the regional trend of 
the orogen, incising the mountain ranges with deep gorges. The combination of 
increased stream power with decreased flexural rigidity results in the system's 
progression from a transverse anticline to a river anticline. Continued erosion and 
unloading resulted in isostatic uplift and formation of anticlines along transverse river 
valleys in the Himalaya. Dubey (2014) estimated that the tectonics driven exhumation 
in the Higher Himalaya took place in the middle Miocene (16-12 Ma). Montgomery 
and Stolar (2006) suggest that the development of river anticlines, with their axes 
running transverse to the structural trend of the Himalaya, represents the most recent 
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phase of deformation in the orogen. Wang et al. (2010) attribute a climate driven 
surge in exhumation during Late Miocene-Pliocene which may be visualized to have 
resulted in the formation of anticlines along river valleys, with intervening synclinal 
mountains having their axes transverse to the regional trend of the Himalaya.   
Morphotectonic Analysis: 
Morphotectonics refers to the study of short- and long-term surficial expressions 
of ongoing tectonic activity deciphered from the quantification of landscape and 
landform features (Scheidegger, 2004).  Endogenous processes, driving tectonic 
activity, always manifest as deformation of the crust in the form of thrusting, folding, 
faulting, shearing and jointing; and relative movements of the ground such as uplift, 
subsidence and tilting of crustal segments. In young orogens, rapid sedimentation can 
cover the resulting structures, making field observations of these features difficult or 
impossible.  In such situations, morphotectonic analysis is considered a very useful 
approach to understanding the nature of ongoing tectonic activity. Several 
geomorphic features can be obvious in areas where the rate of ongoing tectonic 
activity is considerable. However, areas with mild activity may only be identified 
through morphotectonic investigations, which may assist in identifying areas for 
further, detailed investigations. Analysis of surface dynamics through morphotectonic 
indices has the potential of identifying areas of recent tectonic activity. Prominent 
indicators are the development of sharp morphological contrasts along active fronts, 
mountain front sinuosity, entrenched channels, or a high rate of incision along 
channels following active faults, development of linear valleys along fault traces, 
sudden changes in channel morphology, sudden changes in the base level of channel 
floors – marked by pronounced knick-points in the river profiles (e.g. Bull and 
McFadden, 1977; Bull, 1984; Seeber and Gornitz, 1983; Ouchi, 1985; Wells et al., 
1988; Rhea, 1993; Schumm et al., 2002; Silva et al., 2003; Riquelmea et al., 2003; 
Bishop et al., 2003; Malik and Mohanty, 2007).  
Neotectonic activity along a fault is often related with landscape evolution in a 
process-response relationship. The focus of morphotectonics is therefore the 
measurement of surface forms and features, which may be used to assess the slow or 
abrupt ground movements and improve the recognition and modeling of landforms so 
as to understand various aspects of soils, vegetation, land use, natural hazards, and 
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other parameters of a region. Morphotectonic investigations have been extremely 
helpful in deciphering the role of tectonics in the evolution of landscape. For several 
decades geomorphic indicators have been used as one of the most powerful tools for 
delineating tectonically influenced landscapes. The operational focus of 
morphotectonics is the extraction of geomorphic features from topographic data and 
measurement of various parameters thereof.  
The evolutionary pattern of a fluvial drainage system is highly sensitive to active 
tectonic processes (Schumm, 1986). Streams have a predictable and measurable 
response to neotectonic uplift, tilting, folding, and faulting of the ground surface. 
Longitudinal valleys form first-order geomorphic features in mountain belts. They 
develop where the strike-parallel structural grain of the underlying geology dominates 
over topography. Tectonic structures like thrusts, faults, shear zones and other 
lineaments also exert significant control on the courses of rivers (Koons, 1995; Hallet 
and Molnar, 2001; Jamieson et al., 2004). Alignment of channels of many rivers and 
their tributaries are profoundly controlled by the major and active faults and 
lineaments (Bhattacharya et al., 2005). The high degree of incision by streams along 
recent and active faults can be explored through morphotectonic methods such as 
drainage basin analysis. Continued weathering and erosion under the influence and 
control of tectonic processes leads to the development of fluvial landforms, 
quantification of which may provide insights into the nature and magnitude of 
tectonic processes. The most sensitive parameter that can be used for morphotectonic 
investigations is thus the drainage system and its relation with geological structures 
that control the courses of streams. Expressions of neotectonic activity are also 
manifested in the form of tilted Quaternary gravel beds, tilted alluvial fans, 
asymmetric stream basins, preferred stream channel migration, capturing of rivers 
owing to uplift, and offsets of Quaternary deposits by faults – all of which can be 
quantified through morphotectonic methods.  
Quantitative assessment of landscape features has traditionally been based on 
calculation of geomorphic indices using elevation data derived from topographic 
maps, aerial photographs and field work.  In recent years, with a rapid growth in 
sources of digital elevation models, or DEMs, such as the Shuttle Radar Topographic 
Mission (SRTM), Light Detection And Ranging (LiDAR) data, or the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) with stereo 
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capability, geomorphometric methods are finding increasing use not only in 
morphotectonic investigations, but in many other earth science investigations (Farooq 
et al., 2015).  The availability of multi-sensor and multi-date digital elevation data and 
advanced techniques of digital image processing are extremely useful for observation 
and mapping of morphotectonic features (Sboras et al., 2010). Results of several 
indices can be combined to highlight tectonic activity and to provide an assessment of 
the relative degree of tectonic activity in an area (Keller and Pinter, 2002).   
Societal Relevance of Active Tectonics 
Growing understanding of earth systems, particularly the linkages between the 
lithosphere, hydrosphere and atmosphere, have led to a better understanding of the 
relationship between active tectonics and landscape-forming processes on the one 
hand, and natural disasters on the other. One of the main challenges is to understand 
the Earth as a dynamic system by quantifying recent lithospheric deformation and the 
controls and feedback mechanisms of neotectonic and surface processes (Bada et al., 
2006). Understanding and quantifying landform evolution and related natural hazards, 
such as earthquakes, slope instability, landslides, debris flow and flooding is crucial to 
alleviating the suffering of local communities, and a serious challenge for the 
geoscience community. This is a prerequisite for a proper response to the needs and 
safety of humanity in tectonically active regions. The diversity of effects of active 
tectonic processes in the Kumaon region and the evaluation of their societal impact 
requires sensible and careful analysis. Prediction of geological and related phenomena 
in this youthful terrain calls for a multidisciplinary investigation necessitating 
collaboration of researchers from a significantly wider field of expertise.   Because of 
a growing understanding of the relationships between ongoing deformation – mainly 
driven by the motion of the Indian Peninsula against Asia – and the frequency and 
magnitude of related natural disasters, great public interest and attention has been 
stimulated in recent years. Through this work, I have reviewed several societal 
implications of on-going deformation in eastern Kumaon Himalaya. One of my 
purposes is also to provide an overview of natural hazards of neotectonic origin that 
bring suffering to the Himalayan communities. 
The Kumaon and Garhwal regions, which fall entirely within the Himalayan 
orogen, are included in the newly created state of Uttarakhand. The state was carved 
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out of Uttar Pradesh in 2000, in order to address issues specific and unique to the hilly 
region, more important of which were environment and development. The state is 
susceptible to natural calamities largely on account of its youthful topography and 
unstable landforms, exposure to severe weather events, geology, landforms, structure 
and active tectonic processes, coupled with a poor infrastructure. Natural calamities 
manifest in the form of earthquakes, landslides, debris flow, floods, glacial lake 
outbursts etc.  The flash floods of the summer of 2013, which took a toll of more than 
a thousand lives, washed away roads in 800 places, damaged 150 bridges and 
impaired or destroyed at least ten hydroelectric projects, are a stark reminder of the 
delicate balance of the Himalayan environment on the one hand, and our lack of 
preparedness to handle natural calamities on the other.  Even though more than a 
decade and a half has elapsed since the inception of Uttarakhand, many of the 
residents, especially those in the non-Terai areas, complain that their concerns about 
life and livelihood have been neglected by the government.  For instance, during a 
natural calamity like floods or landslides, there is allegedly disproportionate 
governmental attention for the rescue of tourists and visitors as compared to local 
inhabitants. 
Notwithstanding these concerns, Uttarakhand has been on a path of ‘growth’ 
since its inception, with various projects including road construction, mining, 
hydropower projects, infrastructure building and tourism development, underway.  On 
the other hand, there is rampant illegal riverbed mining as well as exploitation of 
other resources – mainly talc and building stone – leading to a disturbance of the 
natural environment. In all this, the vulnerability of the state to natural disasters has 
been completely ignored.  The cost of infrastructure development is heavy on the 
natural environment – in the very first decade of its existence, over 15,000 hectares of 
forestland in the state was legally diverted for various projects, and 1,600 hectares of 
riverbed mining was given legal sanction. During this time tourism in the state went 
up by nearly 380%. Uttarakhand has at least 51 existing hydropower projects of 
various sizes, with another 47 under construction and 238 in various stages of 
planning (Thakkar, 2013). A report on the June 2013 disaster by the National Institute 
of Disaster Management suggests that all these activities have significant 
environmental and social impacts that greatly increased the disaster vulnerability of 
the area (Satendra et al., 2014). 
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Nepal-based International Centre for Integrated Mountain Development, in a 
presentation to the Planning Commission of India in August 2013, said that India’s 
Himalayan region was hit by 532 natural disasters between 1990-2012 – second only 
to 670 in the Chinese part of the mountains (Hindustan Times, New Delhi, Aug 19, 
2013).  It must also be appreciated that most of the disasters in mountainous regions 
are trans-boundary in nature, implying thereby that a cloudburst in China could 
ravage lives in India, which would be severely affected because of huge population 
living downstream of rivers flowing from the Himalaya. 
Apart from this, the tectonic turbulence within the Himalaya is well corroborated 
by the large number of shallow and deep earthquakes occurring in the region, taking a 
heavy toll on life and property. It is estimated that more than 90 percent of all 
earthquakes in India occur within the Himalayan orogen and its foothills. The eastern 
Kumaon region, which includes the area of present investigation, falls within Zone 5 
of the Seismic Hazards Zonation Map of India.  Zone 5 covers areas with the highest 
risks of earthquake damage with an intensity of IX on the Modified Mercalli (MM) 
Intensity Scale.  
Hillside instability is a common hazard in the geodynamically active Kumaon 
region. Landslides are one of the most significant contributors to human misery taking 
a heavy toll on life and property every year. Landslides result in damages to 
structures, loss of agricultural land, and of income accruing from it, and disruption of 
communication infrastructure. Factors responsible for landslides are diverse, but the 
undoubted ubiquitous player is the interaction between tectonic and surface processes, 
one of which raises the ground while the other strives to level it down, leading to 
landslides of small and large magnitudes.  
 Although landslides are an everyday feature in the hilly terrains, several major 
landslides have occurred in the Kumaon Himalaya in the recent past resulting in 
large-scale damages to life and property. The immediate trigger for most of these are 
the raging torrents of seemingly unassuming mountain streams during periods of 
heavy rains, bringing enormous amounts of debris including pebbles, cobbles and 
boulders of rock that gets detached from slopes flanking river valleys carved along 
young and active faults. Among the notable landslide events of Kumaon is included 
that of Tawaghat in 1977 in the catchment of the river Kali which took a toll of 44 
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lives and crippled activity in an area of 40 km
2
. Another major tragedy, triggered by 
high intensity rainfall, occurred in the Karmi village of Bageshwar district on 22-23 
July 1983, which swept the entire village within minutes. 380 people were killed 
when massive landslides washed away the entire village of Malpa in August 1998 
(Sekhar, 2014). In August 2014, landslides and floods triggered by heavy rains in 
different parts of  the state washed away roads, cut off entire villages, razed more than 
450 houses and left behind 27 dead. 
Several studies have been carried out to evaluate landslide hazards in the 
sensitive zones of the Himalayan region involving detailed investigations of 
topographic setting, lithology, geological structures, vegetation types and patterns, 
rainfall pattern and intensity, drainage patterns, seismicity and frequency of past 
landslides (Bhandari and Gupta, 1985; Bartarya and Valdiya, 1989). While discussing 
various aspects of landslide hazard evaluation, Anbalagan (1992) suggested mapping 
techniques for landslide-prone zonation in mountainous regions. It is an established 
fact that the devastating effects of natural disasters are likely to become more 
common in the years to come, not because of an increase in the frequency of these 
events, but rather as a consequence of a growth in human population, which puts more 
people in harm’s way simply because global population has grown – from 1 billion in 
1800 to 7 billion in 2011. It is estimated that the world population will keep growing 
to reach 10.1 billion by the end of the 21
st
 century. Increasing population has resulted 
in scarcity of space forcing people to move to hazardous areas, without knowing 
about the hazards (Ezeh et al., 2012).  
As can be readily surmised from the foregoing, the spread of unbridled 
developmental activities in tectonically active regions has the potential of 
transforming many a natural process into a man-made disaster. Such events, if not 
taken into consideration during the planning stage, play a crucial negative socio-
economic role on the economy, and exert additional pressures on an already stressed 
national exchequer.  In such a situation, all our interventions need to take this reality 
into account and strive to reduce the risks. The impact of these events should 
therefore be considered a sociological problem, and be handled accordingly – by 
creating public awareness of the challenges of living on a tectonically active planet, 
and exhorting local communities to actively participate in the prevention, mitigation 
and effective management of such events. Thus the societal impacts of natural 
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disasters of neotectonic origin pose a serious challenge to mankind, and inhabiting 
regions of the earth that are tectonically active should be a well-considered option.   
Aims and Objectives of this Investigation: 
This thesis is focused on investigating tectonic and tectono-geomorphic processes 
operating in the wider plate boundary deformation zone of Kumaon Lesser Himalaya. 
The main intent of this study is to use digital elevation models (DEMs) and the 
analytical capabilities of GIS to delineate and analyze the drainage and landscape 
features of the Goriganga River basin in eastern Kumaon Himalaya (Fig; 1.1). 
The drainage network and sub-basins boundaries were extracted through DEMs 
and analyzed to demarcate areas of active deformation. The main purpose of this 
study is to assess the surface dynamic processes and geotectonic setting of the 
Goriganga River basin using morphometric parameters such as basin elongation ratio, 
valley floor width to height ratio, basin asymmetry, hypsometric integral, valley floor 
width to height ratio, stream-length gradient index, channel sinuosity etc. to recognize 
tectonic and/or structural control over the development of drainage network, basin 
morphology and landscape evolution. It is also intended to correlate the results of this 
study with the recent tectonic uplift of the region as deciphered by other workers 
using various other lines of evidence, viz., geological, structural, tectonic or 
geomorphic. The main objectives are: 
 To test the efficacy of digital elevation models in delineating watershed 
boundaries and drainage networks for morphometric studies of various linear, 
shape and aerial parameters. 
 To divide the study area into small units – the sub-basins of the Goriganga – in 
order to surmise the influence of basin shape, relief, slope, aspect and land cover 
on their vulnerability to natural hazards viz., landslides, flash floods, rapid soil 
erosion etc. 
 To quantify important morphotectonic parameters which are indicative of ongoing 
tectonic activity like rapid uplift, faulting, shearing, tilting and folding in the 
Goriganga basin. 
 To document the structural styles and identify areas of active ground movements. 
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 To compile a geological and tectonic map of the Goriganga basin and adjacent 
areas from existing literature, so that the relationship of geology and tectonics 
with areas of active deformation and uplift may be established. 
 To prepare an inventory of recent landslides in the Goriganga basin using high 
resolution satellite imagery, visualize the relationship of landslide prone areas 
with zones of active deformation, and to investigate the control of tectonics, 
structure, lithology and micro-climate over the occurrence of large landslides in 
the region. 
 To map the land cover of the Goriganga basin and adjoining areas using 
multispectral data, and investigate the relationship of different land covers with 
landslides and flooding. 
 To prepare a seismicity map of the Goriganga basin and surrounding areas using 
data from the archives of the USGS Earthquake Hazards Program 
(http://earthquake.usgs.gov/earthquakes/search/), so as to visualize the 
relationship of tectonically active areas (as revealed through morphotectonic 
studies) with seismically active zones, and to identify areas susceptible to 
earhtquakes and earthquake induced landslides. 
 To explore the geomorphic evolution of the landscape and drainage, and model 
the way in which hitherto unknown faults on various scales have influenced the 
development of landscape, drainage and upper crustal architecture in the 
Goriganga basin. 
 To evolve a simplified procedure for morphotectonic investigations in 
mountainous terrains using digital elevation models, multispectral data, virtual 
globes and software tools – all available in the public domain – for deciphering 
the active tectonic status and hence assess the vulnerability to natural hazards. 
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Considerations for Selecting the Goriganga Basin for this Study: 
The Goriganga valley is one of the deepest valleys in the Himalaya.  Lying 
between two 6000 m Himalayan peaks, the Trisuli (6890 m) and Chiring We (6,559 
m), the valley has a total relief of 5500 m. The Kali-Gandaki River, of which the 
Goriganga is a right bank tributary, has one of the world’s deepest subaerial valleys 
illustrating well the principle that the most rapid down-cutting occurs in areas of most 
rapid uplift (Rafferty, 2012). The reason for this lies in the energetics of the processes 
of erosion that characterize valley 
formation. The steeper the gradient 
or slope of a stream, the greater its 
expenditure of power on the 
streambed. Thus, as uplift creates 
higher relief and steeper slopes, 
rivers achieve greater power for 
erosion. As a consequence, the most 
rapid processes of relief reduction 
can occur in areas of most rapid 
relief production (Rafferty, 2012). 
For the present study, the basin 
of Goriganga River, transecting the 
Himalayan orogen in a NE-SW 
direction was considered an ideal 
location to test the relationship of 
landforms and active tectonics, and to predict relative tectonic activity on the basis of 
a moderately sized drainage system rather than a single valley or mountain front. The 
study area has variable rates of active tectonics resulting from the uplift of the Kali 
River anticline (Oberlander, 1985; Montgomery and Stolar, 2006). The Kali River 
valley, oriented transverse to the primary structural grain of the Himanayan range, is 
superimposed on the nearly 1.0 m/ky uplift of the orogen in response to the collision 
of India with Asia that produced linear WNW-ESE anticlinal forms. It is here that we 
may test the efficacy of morphotectonic indices in deciphering relative active 
tectonics, and see if indeed areas flanking antecedent rivers exhibit high rates of 
 
Fig. 1.1: Map showing the location and extent of the 
Goriganga Basin – the area under 
investigation. 
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active tectonics as suggested by Oberlander (1985), Lave and Avouac (2001), 
Montgomery (2004) and Robl et al. (2008).  
The Goriganga watershed was selected also because it extends over three distinct 
tectonic domains of the Himalaya – the Tethys domain in the north, the Higher 
Himalayan domain in the central part and the Lesser Himalayan domain in the south.  
These domains have their own histories and styles of deformation as can be gleaned 
from the vast amount of published literature. Another reason for its selection is that 
the Goriganga basin represents neither an exceptionally well-studied watershed nor a 
little known one – it falls somewhere between these extremes and in this respect, 
represents numerous other drainage systems in the Himalaya. It was also selected 
because it is one of the least altered by anthropogenic activity in the region, and 
because I have a special fascination for this part of the world. 
What is in this Thesis: 
Through the implementation of the aforesaid objectives, this thesis analyzes the 
neotectonic regime and evolution of the eastern part of Kumaon Himalaya, which is 
an area undergoing uplift and crustal deformation. This thesis presents a method of 
evaluating relative active tectonics on the basis of geomorphic indices of the entire 
Goriganga River basin, as also its various sub-basins.  Indices used in this study 
include: mountain front sinuosity (Smf), channel sinuosity (Cs), form factor (Ff), 
asymmetry factor (Af), drainage density (Dd), basin elongation ratio (Re), length of 
overland flow (Lg), basin Shape (Bs), hypsometric integral (HI), valley floor width-to-
height ratio (Vf), relief ratio (Rr) and stream-length gradient index (SL). Results of the 
analysis are accumulated and expressed as an index of relative active tectonics 
(IRAT), which is divided into four classes from relatively low to very high tectonic 
activity. The main approach adopted in this research is: 
a)    Morphotectonic analysis of 32 sub-basins of the Goriganga Basin, which 
was carried out by GIS techniques, and  
b)    Mapping of active normal faults that could be visualized on the basis of 
morphometric analysis.   
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The results include: 
a)    A series of maps displaying the spatial variation of morphotectonic indices 
as detailed above, and  
b)    A series of maps depicting visualized neotectonic fault segments with 
associated fault-slip data. The morphotectonic analysis indicates that if 
faults/shear zones in this area are activated, they are capable of generating 
strong earthquakes.  
Possible Users of this Study: 
In order to prevent tragedies similar to the one of mid-June 2013 in Uttarakhand, 
or mitigate the effects of those similar to the one of April 2015 in Nepal, there is a 
dire need to establish collaborations between knowledge creating bodies on the one 
hand and policy makers, planners, local administrators and local communities on the 
other. This will lead to informed decision making and timely and efficient response to 
accidents and disasters. The purpose of this study, as stated earlier, is to evolve a 
methodology for generating primary data in respect of watershed boundaries and 
drainage networks from digital elevation models which may be used for basin 
morphometric studies. Even though the Himalayan region is generally under Zone V 
of the Seismic Map of India, there is a need to undertake a microzonation mapping to 
delineate areas that are highly vulnerable to earthquake related landslides and 
flooding due to resulting river damming. With the data and much of the software used 
in this study being in the public domain, the principles of deciphering active tectonics 
through basin morphometry and the procedures and protocols made available through 
this dissertation and the companion website (http://www.geol-amu.org), it should be 
possible for vast sections of post-graduate students of earth sciences and young 
researchers with a passion for working in the Himalaya, to replicate these procedures 
and work out the crustal dynamics on a micro-scale. This will facilitate the creation of 
accurate drainage and watershed maps which will lead to a better understanding of the 
ground realities, that may provide a valuable input for policy makers, planners and 
engineers. The section on Data and Methodology (Chapter 4) provides step-by-step 
instructions on acquiring the requisite preliminary data and generating secondary 
spatial datasets that are used for deciphering active tectonics.    
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Another offshoot of this study is that through this, I have generated resource 
material and datasets that can be used by post-graduate students of earth sciences in 
Indian universities to gain an appreciation of the importance of geomorphology in 
earth system science studies, and the relationship of geomorphology and tectonics and 
how to use these for hazard zonation mapping in mountainous regions. The resource 
material, data and exercises are made available through http://www.geol-amu.org and 
training through this is already being imparted to the post-graduate students of 
Applied Geology at the Department of Geology and M.Sc. in Remote Sensing and 
GIS Applications of the Interdisciplinary Department of Remote Sensing and GIS 
Applications of the Aligarh Muslim University. 
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Chapter 2 
The Regional Framework 
 
 
 
 
 
 
 
Wider framework of the Himalaya 
The northern edge of the Indian sub-continent is defined by the world’s youngest 
and tectonically the most active orogenic belts – the Himalaya. These mountains 
constitute the highest and longest E-W trending mountain system in the world.  Lying 
between the Tibetan Plateau on the north and the alluvial plains of the Indian 
subcontinent on the south, they contain most of the world’s highest peaks, eleven of 
which rise above 8000 m (Valdiya, 1978). The mountain system includes the 
territories of Pakistan, India, Nepal and China, extending in a broad arc for about 
2400 km from the Nanga Parbat peak in the west to Namcha Barwa peak at the Sino-
Indian border in the east. Widths vary from 200-400 km, while the area covered is 
about 650,000 km
2
.  The Himalayan region is the source of ten major rivers with vast 
basins providing shelter, livelihood and water to more than to 1.3 billion people. 
The orogen constitutes a sector of the Earth's crust where giant lithospheric plates 
have collided – the Indian plate on the south and the Eurasian on the north.  Whereas 
the long-term northward mobility of the Indian plate has been well documented by 
employing many approaches – instrumental and deductive reasoning based on sound 
scientific principles – the short-term dynamics, which is of prime concern to health, 
well-being and socio-economic engagements of communities that have made this part 
of the world their home, has not been addressed adequately.   
The Himalayan orogen has precise morphological and physical-geographical 
boundaries.  The northern margin is defined by the longitudinal tectonic valleys of the 
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upper courses of the Indus and Tsangpo (Brahmaputra) rivers, while the northern edge 
of the Indo-Gangetic plains constitutes the southern limit (Gansser, 1964).  The Hindu 
Raj Range and the gorge of the Brahmaputra define the north-western and south-
eastern extremities respectively. The Himalaya form the major orographic, climatic, 
and floristic barriers between the deserts of Central Asia and the tropical landscapes 
of South Asia (Valdiya, 1978). The physiographic setting of the Himalaya is 
characterized by conspicuous WNW-ESE trending ridges with high relief, which 
parallel the major tectonic features of the region.  Longitudinally, the Himalayas are 
divided into a series of parallel tectonic zones on the basis of the presence of major 
thrusts (Gansser, 1964). The extreme northern edge of the orogen is an approximately 
100 km wide synclinorium, called the Tethys Himalaya, consisting of strongly folded, 
weakly metamorphosed sedimentary series, separated from the Asian landmass by the 
Indus-Tsangpo Suture. South of this is the Central Himalayan domain (or Higher 
Himalaya) about 24 km in width, consisting mainly of high grade metamorphic rocks, 
which forms the backbone of the orogen with the highest topographic relief. Further 
south of the Central Himalaya is the Lesser Himalayan province of sedimentary rocks 
consisting mainly of Upper Proterozoic to Lower Cambrian detrital sediments 
intercalated with granites and acid volcanics emplaced around 1840 ±70 Ma (Frank et 
al., 1977). A unique feature of the Lesser Himalayan province is that the 
autochthonous metasedimentaries are overlain by vast nappes and klippe of the 
Central Himalayan Crystallines which were pushed southwards along the MCT for 
hundreds of kilometers, accommodating the immense amount of crustal shortening 
which gave rise to the great uplift of the Himalaya. The southernmost unit is the Sub-
Himalayan province forming foothills of the Himalayan range. This unit consists of 
Miocene to Pliocene molasse sediments derived from erosion of the rising Himalaya. 
These longitudinal provinces are separated from each other by major thrusts 
traceable along the length of the Himalaya. The Sub-Himalaya forming the foot-hill 
zone is delimited in the south by the Himalayan Frontal Fault (HFF), whereas the 
northern edge is a clearly outlined tectonic feature – the Main Boundary Fault (MBF). 
The Lesser Himalayan province is delimited in the south by the MBF and in the north 
by the Main Central Thrust (MCT). Valdiya (1978) however, takes a somewhat 
different stance on the northern limit of the Lesser Himalaya. The real boundary in his 
opinion is the plane that separates the Precambrian granite injected metamorphics of 
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medium grade (Munsiari Formation) from the katazonal, very high grade 
metamorphics, making the bulk of the Higher Himalaya (Vaikrita Group). There is no 
thrust discernible between these two units, which together are considered by Valdiya 
to constitute the Central Crystalline Zone of the Higher Himalaya. On the basis of the 
abrupt and dramatic change in the grade of metamorphism Valdiya (1978) visualizes a 
tectonic plane separating these two units which he designates the Vaikrita Thrust. The 
Central Himalayan province is delimited in the south by the MCT (or Vaikrita Thrust) 
and in the north by the transition zone between the high grade metamorphics of the 
Central Himalaya and the low-grade, fossiliferous sediments of the Tethys Himalaya. 
In many places along the length of the Himalaya, this transition zone is marked by a 
major structure – the Central Himalayan Detachment System – also known as South 
Tibetan Detachment System or the Trans-Himadri Fault (Valdiya, 2005) which has 
indicators of both extension and compression. 
According to Gansser (1964), the Himalaya may be subdivided into five 
geographical divisions from west to east. The extreme west segment – the Punjab 
Himalaya cover the mountainous section from the Indus valley in the west to the 
Sutlej in the east – a stretch of about 550 km. Eastwards of the Punjab Himalaya is the 
Kumaon segment, stretching from the Sutlej in the west to the Kali River in the east 
encompassing a 320 km stretch of mountains. Adjoining the Kumaon Himalaya on 
the eastern side is the Nepal Himalaya, an 800 km stretch extending from the Kali 
River in the west to the Darjeeling Hills in the east. The Sikkim and Bhutan 
Himalaya, a mountainous tract of ~ 320 km, extends from the Darjeeling Hills in the 
west to the eastern border of Bhutan with the Indian state of Arunachal Pradesh. The 
NEFA (North East Frontier Agency) Himalaya stretching from the eastern border of 
Bhutan to the gorge of the Tsangpo (Brahmaputra) River in the east includes the 
Mishmi Hills. Since the study area is located in eastern Kumaon Himalaya, a detailed 
consideration of the geology, tectonics, drainage and geomorphology of this sector is 
in order.  
The Kumaon Himalaya 
The Kumaon Himalaya, lying between the antecedent Kali and Sutlej Rivers, fall 
entirely within the state of Uttarakhand. Beginning from the late 19th century 
(Medlicott and Blanford, 1879; Griesbach, 1891), much pioneering work on the 
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geology and structure of the Kumaon Himalaya was carried out in the first half of the 
20
th
 century (Hayden, 1904; West, 1939; Auden, 1934, 1935, 1936; Heim and 
Gansser, 1939; West, 1939), followed by more modern investigations by countless 
workers, notable among whom are Augusto Gansser and Kharak Singh Valdiya. 
Perhaps no other mountain system of the world has invoked as much scientific 
curiosity and enquiry as the Kumaon Himalaya. 
Traditionally, a fourfold longitudinal division of the Himalayan formations has 
been used since the works of Medlicott and Blanford (1879), Heim and Gansser 
(1939), Gansser (1964) and more recently of Valdiya (2001a), who divided the 
Himalayan formations into four tectono-stratigraphic zones, each of which has its own 
geological identity, its peculiar structural architecture, its own distinctive assemblage 
of rocks, and contrasted physiographic expression.  Recognized as terrains, these 
Himalayan domains – going from the south to north – are known as the Siwalik, the 
Lesser Himalaya, the Himadri or Great Himalaya and the Tethys Himalaya in the far 
north. These domains are juxtaposed against each other along major thrusts and faults. 
The Siwalik Domain: The Siwalik domain is a foreland basin consisting of clastic 
sediments of Tertiary and Quarternary periods (Ahmad, 2011), that were produced by 
the uplift and subsequent erosion of the Himalaya and deposited by rivers (Sorkhabi 
and MacFarlane, 1999). This domain is composed of sedimentary rocks made up of 
material deposited by rivers in their channel and floodplains, about 18 to 1 million 
years ago (Valdiya, 2001a). The Siwalik domain is separated from the Indo-Gangetic 
Plains which constitute the northern part of the Indian peninsula by a series of reverse 
faults called the Himalayan Frontal Thrust (HFT), along which the Siwaliks have 
been pushed over sediments of the Indo-Gangetic plains.  The HFT is concealed under 
a discontinuous apron of gravelly debris that slipped down the hillsides, and of 
detritus deposited by mountain rivers at places where they emerged into the plains. 
This apron of debris is described as Bhabhar in the Kumaon region. Topography of 
the Siwaliks is generally very rugged with hills reaching elevations of 250-800 m. 
These are interspersed with flat stretches of intermontane synclinal valleys filled with 
gravelly deposits, dumped by rivers in places where their channels became wide.  
These flat stretches surrounded by hills are called duns (or doons). The Siwalik Hills 
are covered by dense tropical to subtropical forests east of the Yamuna River.  The 
domain is, on the whole, sparsely populated east of the Ganga Valley, but is home to a 
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rich variety of wildlife. The Siwalik domain is delimited in the north by the Main 
Boundary Fault (MBF). 
The Lesser Himalayan Domain: Towards the north of the Siwalik hills, the outer 
ranges of the Lesser Himalaya rise abruptly to elevations ranging from 2000 to 2500 
m. This domain is bounded in the south by the Main Boundary Fault (MBF) and in 
the north by the Main Central Thrust (MCT) – a longitudinal fault first described by 
Heim and Gansser (1939). The MCT is marked by a several kilometer thick zone of 
deformed rocks with varying degrees of shearing and imbrication (Sorkhabi and 
Macfarlane, 1999), mylonitization and retrograde metamorphism.  
The Lesser Himalayan domain comprises a very thick succession of Paleozoic 
sedimentary rocks with associated volcanics that have undergone metamorphism up to 
the green-schist facies, ranging in age from more than 1600 million years to about 540 
million years. Movement along the MCT has brought Precambrian crystalline rocks 
from the Himadri domain on top of the Paleozoic sediments of the Lesser Himalaya in 
the form of a thrust sheet, which was refolded with the underlying younger 
sedimentaries (Hiem and Gansser, 1939; Gansser, 1964; Ghose et al., 1974; Misra and 
Bhattacharya, 1976; Bhanot et al., 1977). Erosional remnants of this thrust sheet lie 
over the Lesser Himalayan sedimentaries in the form of the Almora-Dudhatoli nappe 
and the Askot and Chhiplakot klippe (Windley 1995). This allochthonous unit 
consists of high-grade metamorphic rocks of Precambrian age, injected by Granites 
belonging to two periods of intrusive activity – one between 1800 to 2000 million 
years, while the other between 500 to 540 million years. Fossils have been 
documented in the autochthonous sedimentary sequences, but they do not occur with 
the same frequency as the Tethyan domain fossils. Rock formations of the Lesser 
Himalayan domain, including the overthrusted crystallines, are folded into a series of 
anticlines and synclines that are in many cases quite sheared. They have been thrust 
over the Siwaliks along the Main Boundary Fault. 
The Himadri Domain: Lying towards the north of Lesser Himalayan domain, the 
Himadri or Great Himalayan domain (also called the Central Axial Crystalline Zone), 
is characterized by elevations between 3000 to 8000 m and an extremely youthful and 
rugged topography with roaring rivers rushing through deep gorges.  The southern 
face of the Himadri is marked by high scarps. Most of the Himalayan snow-peaks lie 
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along the Himadri.  In the Punjab Himalaya lie the 8126 m high Nanga Parbat (Gilgit-
Baluchistan region) and 6971 m Leopargial (Himachal Pradesh); In the Kumaon 
Himalaya lie the Kedarnath (6900 m), Badarinath (7138 m), Nanda Devi (7817 m) 
and Dhaulagiri (8172 m); in the Nepal Himalaya the Everest (or Sagarmatha) (8850 
m), in Sikkim and Bhutan Himalaya the Kangchanjaunga (8598 m); and in the NEFA 
Himalaya, the Namcha Barwa (7256 m). The Himadri domain constitutes the axis of 
the Himalaya, and is made up of a 30 km thick sequence of medium to high-grade 
metamorphic rocks (Larson and Godin, 2009) intruded by granites of Ordovician and 
Miocene age, called the Higher Himalayan Crystalline Sequence (HHCS) (Sorkhabi 
and MacFarlane, 1999). In the Kumaon region, the HHCS are represented by the 
Vaikrita Group – and approximately 5 to 7 km thick thrust sheet composed of high-
grade metamorphic rocks which includes banded gneisses, amphibolite sills, calc-
silicate gneisses and migmatites (Thakur 1992; Valdiya 1998, 2010).  The Vaikrita 
have been intruded by late Tertiary post-tectonic granites. Mukherjee et al. (2003) 
have recorded the presence of coesite from the Puga Formation of the Tethyan 
sequence which is considered an evidence of ultra-high pressure metamorphism.  
They conclude that the rocks were brought back to the surface by rapid, isothermal 
exhumation.  On the basis of occurrence of relict majorite, a variety of garnet from 
eclogites of the Tso Morari Complex, Pandey et al. (2010) estimate an exhumation of 
~200 km of continental crust in this domain of the Himalaya. 
The Tethys Domain: North of the Himadri lies a thick sequence of weakly 
metamorphosed sedimentary rocks – the Tethys sedimentary sequence – constituting 
the vast expanse of the Tethys domain.  The Tethys sequence constitutes an almost 
complete stratigraphic record ranging from Late Precambrian to Cretaceous and 
Eocene (Valdiya, 1998). The transition between the high-grade rocks of the Vaikrita 
and the overlying low-grade sediments of the Tethys Himalaya is usually progressive, 
but in many places this transition zone is marked by a major structure, the South 
Tibetan Detachment System (Richards et al., 2005). Towards the north of the Tethys 
sequence, lies a large dome of greenschist to eclogitic metamorphic rocks (Girard and 
Bussy, 1998). As with the HHCS, these metamorphic rocks represent the 
metamorphic equivalent of the sediments forming the base of the Tethys sequence. A 
cold and desolate domain, the Tethys domain is sparsely populated and the 
settlements are huddled around clusters of trees in valleys. The fantastically beautiful 
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ice-sculptured ranges of the domain are made up of sedimentary rocks that range in 
age from more than 600 to about 65 million years (Valdiya, 2001a).  
The Tethys domain abuts against mainland Asia along the valleys of the Indus 
and Tsangpo rivers known as the Indus-Tsangpo Suture Zone (ITSZ). This is a 50 to 
60 km wide zone of collision between India and Asia.  Lying 3600 to 5000 m above 
sea level, the ITSZ is represented by remnants of the Neo-Tethyan ocean – major part 
of which was subducted along an oceanic trench that lay in front of the Asian 
continent, as India moved north with respect to Asia. During the process oceanic and 
continental arcs developed between the Indian and Asian plates which are represented 
by the Kohistan-Ladakh Arc. These consist of rock sequences ranging in composition 
from ultramafic (melange rocks) through mafic (gabbro, basalt) to acidic (granite-
granodiorite-diorite) and their volcanic equivalents (Ahmad et al., 1998). 
North of the Indus-Tsangpo valleys are the highlands of Tibet and Karakoram – 
an altogether different landmass belonging to mainland Asia. It is an undulating 
plateau, more than 5000 m above sea level. The southern front of the Tibetan Plateau 
embodies 40 to 60 My old granites all along the border of Tibet, making up the 
Ladakh-Kailas-Gangdese Ranges (Valdiya, 2002). On the basis of studies on inverted 
metamorphism in the Nepalese sector, Bollinger et al. (2004) have estimated that the 
Lesser Himalaya has exhumed by about 5 mm/yr.  If the convergence rate of India 
towards the Asian landmass is taken to be about 20 mm/yr, the under-thrusting of the 
Indian basement below the Himalaya comes out to be about 15 mm/yr. 
Transverse Faults and Folds: A remarkable feature of the Himalayan structural 
architecture, particularly of the eastern Kumaon and western Nepal region, is the 
existence of oblique and transverse folds, faults and fractures aligned across the 
Himalayan tectonic trend (Valdiya, 1976).  Medlicott (1864) suggested the existence 
of transverse faults along the Yamuna and Ganga Valleys in the Siwalik belt. It was 
Auden (1936) who first noticed small-scale transverse structural elements in the 
Lesser Himalaya in Garhwal, and postulated these to be an extension of the Aravali 
trend into the Himalaya. The trend of these features demonstrates a notable 
parallelism with the hidden ridges and faults in the basement of the Ganga Basin. 
Recent geophysical surveys in the Ganga Basin have revealed the extension of the 
Aravallis, Satpura and Bundelkhand orogenic belts, together with their delimiting 
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faults, towards the Himalaya (Fuloria, 1969; Sastri et al., 1971).  Two of the major 
transverse faults are shown in Figure 2.1. Detailed mapping by several investigators 
has revealed a large number of transverse and oblique faults and fractures, which find 
geomorphic expressions in anomalously wide, straight valleys, often characterized by 
cones and fans of landslide debris, and in topographic lineaments. These transverse 
faults have dissected both the autochthonous sedimentary formations as well as the 
overthrust nappes, indicating their development subsequent to thrust movements 
(Valdiya, 1976). Some of these faults are still active, as is evidenced by recurrent 
seismicity and endemic landslides in their vicinity. 
Drainage and Landforms: On a regional scale, the Kumaon Himalaya constitute 
the most striking morphological expression.  Kumaon is a land of snowcapped 
mountains including lofty peaks of the Nanda Devi, Chhota Kailash, Panchachuli 
Range, and mighty glaciers including the Gangotri, Pindari, Milam and Nanda Devi to 
name just a few.  It is a land of deep V-shaped valleys, gorges, canyons, alpine 
meadows, lakes, gushing streams, piedmont zones, straight mountain fronts, glacial 
and fluvial terraces, abrupt terminal moraines, lateral moraines, strath terraces and a 
number of major and minor landforms, making a marvelous geomorphological 
mélange. 
The drainage system of the Kumaon area is characterized by three broad 
subsystems of the mighty Kali (or Kaliganga) River in the east, Alaknanda in the west 
and Ramganga in the southwest. Among these three rivers Kaliganga and Alaknanda 
are two snow-fed tributaries of the Ganges River flowing along the Himalayan 
foothills, and drain considerable snow-melt from the glaciers in the Northeast and 
Northwest of the Great Himalaya. In terms of the volume of water carried and length 
of the river course, the Kali is the largest river in eastern Kumaon and western Nepal, 
formed out of the confluence of the two large rivers – the Kalapani and Kuthi Yankti. 
The Kali River flows along the deep V-shaped canyon in a SSW direction along the 
Indo-Nepal border. The valley of Kaliganga is steep, and river terraces of various 
sizes occur along its channel. Other geomorphic features include incised meanders, 
serrate ridges, nick points, spurs and waterfalls etc.   
A noteworthy feature of the Lesser Himalayan landscape in the Kumaon region is 
the development of transverse valleys occupied by swiftly flowing rivers.  These 
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rivers are believed to be antecedent – having originated well before the uplift of the 
region they flow through (Valdiya, 1976; Kayal, 1991; Goswami and Pant, 2008).  
These exhibit sharp deflections along their courses and striking morphological 
variations along their channels – being narrow and straight at some places, while 
sinuous and wide elsewhere. The youthfulness and reshaping of the landscape in these 
valleys during Quaternary times is evident from the development of uplifted river 
terraces, triangular fault facets, rapids and falls along streams, elevated pot-holes and 
water marks, and river ponding/palaeolakes (Goswami and Pant, 2008; Pathak et al., 
2015). Being transverse to the mountain ranges, these valleys are cut across by many 
longitudinal faults/thrusts which provide excellent locales for observance of tectonic 
movements along transverse as well as longitudinal faults/thrusts, and testify the 
specific role of these features in the geomorphic development of the region. 
Seismicity: The Kumaon Himalayan region falls within zone V and IV of the 
earthquake zonation map. Zone V covers areas with the highest risks of earthquake 
damage with an intensity of MSK
1
 IX.  The region has experienced many earthquakes 
of large and small scale in recent decades. According to a report of the National 
Institute of Disaster Management (NIDM, http://nidm.gov.in/pdf/dp/Uttara.pdf), 
vulnerability to direct and indirect damage from earthquakes may be assessed by the 
fact that four of the thirteen districts of the state of Uttarakhand viz., Pithoragarh,  
Chamoli, Bageshwar and Rudraprayag  fall  completely  in  Zone  V    (representing  
damage  risk  of    ≥  IX  on  MSK scale), while five other districts (Uttarkashi, Tehri-
Garhwal, Pauri, Almora and  Champawat) fall partially in Zone V and partially in 
Zone IV (damage risk of VIII on MSK  scale). The districts of  Bageshwar, Chamoli, 
Pithoragarh, Rudraprayag and Uttarkashi, which were most severely  affected in the  
2013 flash flood, also fall within Seismic Zone V.   
Earthquakes which have ravaged different parts of the Kumaon Himalaya in the 
historical past have been attributed to movements along various tectonic features in 
the area.  Seismic records of the eastern Kumaon Himalaya reveal that the region is 
dominated by shallow focus earthquakes with depths less than 40 km. Amongst the 
largest recorded event was the 28
th
 August 1916 event that caused heavy damage to 
                                                          
1
 The Medvedev-Sponheuer-Karnik scale, also known as the MSK or MSK-64, is a macroseismic 
intensity scale used to evaluate the severity of ground shaking on the basis of observed effects in an 
area of earthquake occurrence. 
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civil structures in Dharchula, a small town at the Indo-Nepal border, less than 10 km 
east of the Goriganga basin.  It had an estimated magnitude of 7.5. The Kapkote 
earthquake of 28
th
 December 1950 measured 6.0 on the Richter scale and caused 
collapse of houses and produced ground fissures. The M 6.1 Dharchula earthquake of 
29
th
 July 1980 and the M 5.5 Indo-Nepal earthquake of 5
th
 Jan 1997 have been studied 
by the Geological Survey of India. The effects of Uttarkashi earthquake of  
20
th
 October 1991, which took a toll of 768 human lives, besides triggering numerous 
 
 
Figure 2.1: Seismicity map of eastern Kumaon Himalaya and western Nepal. Epicentral locations of 
earthquake events during the last 50 years are plotted over a satellite image showing shaded relief 
to give an idea of major geomorphic elements and their alignment with respect to seismic zones. 
Major thrusts and faults, drainage system and basin outline of the Goriganga are also 
superimposed.  Data source: USGS Earthquake Hazards Program.  
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rock slides, ground fissures and changes in hot spring chemistry in the area, have been 
well documented (Agarwal and Sharma, 2012). The M 6.8 Chamoli earthquake of 
23
rd
 March 1999 caused ground fissuring, deformation, landslides and changes in 
groundwater flow in many areas in Chamoli and neighbouring districts.  It left scores 
of people dead and approximately 50,000 houses damaged in over 2000 villages 
around the epicenter.  The most recent event in the vicinity is the 7.8 magnitude 
earthquake of 25
th
 April 2015 centered about 83 km northwest of Kathmandu, which 
took a toll of more than 7000 human lives and caused colossal damage to property 
and infrastructure. The epicenter of this event, which is estimated to have a depth of 
15 km, is located on the left bank of the Daraudi River in central Nepal, transecting 
the regional trend of the Himalayan orogen in a NNE-SSW direction. Eleven 
earthquakes of M 6 and above have been recorded within a radial distance of 150 km 
from the Goriganga Basin.  Figure 2.1 shows the distribution of earthquake epicenters 
(from 1967 to August 2015) of M 3.0 and above in eastern Kumaon and western 
Nepal Himalaya (centered around the Goriganga basin). 
Present and Past Climate: The mountainous barrier formed by the Himalaya 
controls the atmospheric circulation over the continent of Asia (Valdiya, 2001a)
2
. The 
monsoon clouds blowing in from the Indian Ocean are prevented from going 
northeast, resulting in the development of dry conditions and deserts in Ladakh and 
Tibet in the north. The cold Siberian winter wind is likewise prevented from entering 
the plains of India, with the result that winters in northern India are less severe than 
they would have been if there had been no Himalayan barrier. The Himalaya thus 
cause precipitation of moisture from the clouds in the form of rain and snow, and 
exercise a moderating influence on the temperature and humidity over the Indian 
subcontinent. 
It was the rise of the Himalaya above a critical elevation that brought about the 
advent and intensification of the monsoon climate. The unique cycle of six seasons – 
vasant, grishman, varsha, shishir, sharad and hemant – is characteristic of the 
climatic changes that sweep the Indian subcontinent. The south facing slopes of the 
Himadri are washed by rainfall in excess of 240 to 350 cm/yr. The Higher Himalaya 
receive an annual rainfall of 240 cm/yr, while the precipitation in the middle belt of 
                                                          
2
 In his book – Himalaya: Emergence and Evolution, Valdiya has documented in great detail the 
influence of the Himalaya over the climatic conditions of Indian and Asian continents. The following 
paragraphs are almost verbatim reproductions from his book. 
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the Lesser Himalaya is 150 cm/yr. By contrast, rainfall is just 10-15 cm/yr in the 
Tethyan domain across the Great Himalaya. The eastern Himalaya experiences a 
higher rainfall than the northwestern Himalaya. The rainfall is 300 cm/yr at 
Darjeeling, 50 cm/yr at Shimla in Himachal Pradesh, and a mere 10 cm/yr at Leh in 
Ladakh. The temperature similarly varies from belt to belt and sector to sector. The 
configuration and attitudinal peculiarities of the mountain ranges of the Himalaya are 
responsible for the variations of climate within the mountain province itself. 
Studies carried out by Ali et al. (2013) provide important insights into the Late 
Quaternary climate variability in the Goriganga valley and its impact on the glaciation 
and deglaciation processes.  Their observations, based on studies of moraines, suggest 
that on millennial timescales, glaciers in the Goriganga valley responded to a 
combination of both the Indian Summer Monsoon (ISM) and the westerlies. The 
moraines in the Goriganga valley have preserved evidences of four events of 
glaciation in the last 25 ka. The oldest event, termed the Stage-I glaciation is 
represented by a ∼12.5 km long, discontinuous diamictite ridge, which suggests that 
the glacier descended up to north of Rilkot (∼3100 m asl). Moraines laid down by 
Stage-II glaciation terminate around Martoli village (∼3240 m asl). Moraines 
representative of Stage-III and IV glaciations are sharp crested, unstable and terminate 
in the proximity of present day glacier at ∼3640 m asl and ∼3740 m asl respectively. 
The Stage-II moraines are optically dated between 25 ± 2 ka and 22 ± 1 ka implying 
an expansion of the glacier during the Last Glacial Maximum (LGM). 
Geomorphic and sedimentological analysis carried out by Barnard et al. (2004) 
using 
10
Be cosmogenic radionuclide (CRN) surface exposure dating of moraines, fans, 
and river and strath terraces in the Goriganga Valley indicate that fans and river 
terraces developed rapidly by flood processes and debris flow during periods of 
deglaciation. These phases of high sediment transfer occurred at ∼1-2, ∼4-5, and ∼7-
8 ka.  
Microclimate and Natural Disasters: Topography of a region depends primarily 
upon geological structure, the development of which is primarily attributed to the 
tectonic setup, and secondarily to the patterns of modern day erosion.  Topography, in 
turn, has profound control over the climate of a region. Mountains create barriers that 
change wind and precipitation patterns. Topographic features such as narrow canyons 
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deflect the directions of winds and amplify their velocities. Hill-slopes and plateaus 
are exposed to cooler temperatures of higher altitudes.  Land at higher elevations is 
naturally cooler due to a phenomenon known as the environmental lapse rate 
(Jacobson, 2005).  Mountain air cools at about 1
o
 Celsius for every 100 meters of 
altitude.  This is the equivalent of traveling hundreds of miles north.   Diurnal 
temperature variations are also greater at higher elevations.  Mountains induce 
precipitation, which heavily influences local climate. Air cools as is ascends the 
windward side of a mountain, and loses its moisture due to precipitation. Thus, as the 
air cools during its upward movement along a slope, it releases its moisture as rain. At 
still high elevations, it freezes and precipitation consists of snow and ice. Descending 
air along the leeward side of a mountain, however, warms up and holds its moisture, 
creating dry conditions.  This is known as the rainshadow effect (Whiteman, 2000).  
In the Himalaya, arid tracts lie at the base of mountains that are topped with great pine 
forests because of the effects of elevation.  Most of the world's great mid-latitude 
deserts are located in rainshadows. 
Another factor that influences microclimate is the orientation of slopes in relation to 
the sun. South-facing slopes receive more sunshine and therefore support entirely 
different ecological communities than north-facing slopes. Southern slopes may 
experience spring conditions months in advance of their northern counterparts.  Entire 
villages may remain in shade for most of the winter season, or they may be exposed to 
the sun for most of summer.  This necessitates the migration of families between two 
abodes in the winter and summer months. 
Damage caused by cloudbursts and the consequent devastation due to sudden large 
scale flooding unfolds frequently in the state of Uttarakhand.  This results in loss of 
lives, livelihoods and resources. Every time such a tragedy befalls the region, there is 
a renewed, inconclusive debate on the relationship between the environment, 
development and planning. In all this, the concerns of local inhabitants, most of whom 
have experienced such events multiple times, are given a back seat. 
Relentless rains in Uttarakhand in the third week of September 2010 are reported to 
have resulted in massive landslides and flash flooding, claiming 60 lives and 
rendering thousands homeless in a span of two days.  Scores of people were trapped 
under the debris of flattened houses of cloudburst hit villages for days. 
  
30 
Cloudbursts are localized weather phenomena representing highly concentrated 
rainfall over a small area lasting anywhere from a few minutes to a few hours. This 
leads to flash floods, collapsed houses, damage to roads, disruption of traffic and 
human casualties on large scale (Satendra, 2003).  Cloudbursts are manifestations of 
small-scale, powerful vortices which generate strong convection currents, lifting the 
moisture laden air rapidly to form heavy clouds, shedding water load with great 
strength and ferocity.  Topographical conditions like steep slopes favor the formation 
of such clouds, the rain from which brings large-scale devastation, as huge amounts of 
debris – boulders and uprooted trees – come down the slopes with great velocity 
damaging any structure that comes in their way. 
There is no reliable method of forecasting the occurrence of cloud bursts because of 
their small scale. A very fine network of radars would be required to foresee a cloud 
burst, and this would be prohibitively expensive. However, areas likely to receive 
heavy rainfall can be identified through basin morphometric studies, particularly the 
analysis of slope and aspect. Much of the damage caused by flash floods can be 
avoided by identifying vulnerable areas and the topographic situations that favor the 
occurrence of cloud bursts. 
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Chapter 3 
The Study Area: 
Tectonics, Geology and Geomorphology 
 
 
 
 
 
 
The Goriganga Basin: The Goriganga basin lies between latitudes 29°45’03” to 
30°35’53” north and longitudes 79°59’10” to 80°29’25” east. The watershed is 
elongated in the NNW-SSE direction – in alignment with one set of transverse faults 
cutting across the eastern Kumaon Himalaya. Along its length the basin measures 
99.2 km and has a relief of 6765 m. It has a total area of 2242.4 km
2
, and is drained by 
the Goriganga River and its tributaries. The northern part of the basin is glaciated – 
about 605 km
2
 (27 %) of the basin area is under ice cover. The Goriganga watershed 
is flanked by the Dhauliganga in the northeast and the Ramganga in the southwest 
which also flow southwards for considerable distances. The Nanda Devi peak having 
an altitude of 6856 m lies along the northwest margin of the watershed. The minimum 
altitude at the outlet – where the Goriganga confluences with the Kali River – is 612 
m. The Goriganga basin is spread over three domains of the Himalaya.  The 
northeastern part of the basin (415.68 km
2
) lies over the Tethys domain, the 
northwestern and central part (1228.46 km
2
) over the Higher Himalaya, while the 
southern part (599.76 km
2
) lies over the Lesser Himalayan domain (Fig. 3.1). At its 
widest, the basin measures about 31 km – the northern part (above the Vaikrita 
Thrust) has an average width of 24.40 km while the southern part, lying over the 
Himadri domain, is much narrower with an average width of 15.98 km. 
The Goriganga River originates at an altitude of about 5500 m from the Milam 
Glacier northeast of Nanda Devi peak.  It flows in a S-SE direction for about 100 km 
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before it joins the Kali River.  It is fed by numerous glaciers and streams flowing 
from the eastern slopes of the Nanda Devi Biosphere Reserve, and those flowing 
westwards from the high peaks of Panchchuli, Rajrambha, and Chaudhara, including 
the Ralam Gad and the Pyunsani Gadhera (Kapadia, 2001). With a total head of more 
than 5800 m, the Goriganga watershed has a great potential for hydroelectric power.  
A 260 MW hydroelectric power project (Rupsiabagar-Khasiabara Project) is already 
underway.  The watershed provides the approach route to some of the most important 
Himalayan peaks. The main course of the Goriganga River is 113.11 km.  The overall 
drainage density and basin elongation ratio are very high, suggesting a good surface 
and groundwater potential in the basin.  The high basin elongation ratio and the 
channel sinuosity of the Goriganga River, which is interpreted to be a result of 
anomalous compressed meanders (see chapter 6) indicate a tectonically active terrain.  
Geology and Tectonics: The rocks exposed in and around the Goriganga basin 
represent a wide variety, ranging from sediments, low-grade metasedimentaries like 
phyllites and schists to high grade metamorphics like gneisses and migmatites. 
Volcanics, granites and 
pegmatites are also exposed in the 
area. The rock formations 
exposed in the Goriganga basin 
are characterized by multiple 
deformations resulting in 
superimposed folding and 
repeated faulting and thrusting 
(Ramola et al., 2011) and trend in 
a NW/WNW-SE/ESE direction. 
Lithotectonic units exposed in the 
basin include those of the Lesser 
Himalayan domain, the Himadri 
domain and the Tethys domain 
(Figure 3.1). These lithotectonic 
units are separated from each 
other by major thrusts viz., the 
Vaikrita Thrust (VT) and the Trans-Himadri Fault (T-HF) (Valdiya, 2001a).  
 
Fig 3.1: Segments of the Goriganga Basin lying over 
different litho-tectonic domains of the Himalaya. Figures 
in parenthesis refer to the area under each domain. 
  
33 
 
Fig. 3.2: Geological and tectonic map of the Goriganga River basin and adjoining 
areas.  Modified after Valdiya (1980) and Sharma and Paul (1988). 
The Lesser Himalayan domain in the Goroganga basin and surrounding areas is 
represented by two lithotectonic units – the Lesser Himalayan Metasedimentary Zone 
(LHMZ) consisting of the Calc Zone of Tejam (south), overlain by scattered outcrops 
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of older crystalline rocks – the Askot, Chhiplakot and Baijnath units. These crystalline 
units are believed to be the erosional relicts or klippen of a vast thrust sheet or nappe 
of older, high grade metamorphics pushed over the LHMZ (Heim and Gansser, 1939; 
Gansser, 1964; Ghose et al., 1974; Misra and Bhattacharya, 1976; Bhanot et al., 1977) 
from the Higher Himalayan Crystalline zone which constitutes the Himadri domain.  
The lowest unit of the LHMZ is the Rautgara Formation which consists of 
alternate successions of argillaceous rocks and quartzites with minor amounts of 
carbonates. Rock types constituting the Rautgara Formation are represented by 
siliciclastic rocks with considerable amounts of intrusive dolerites and basalts. They 
are interbedded with minor slates and meta-volcanics, are pink, purple and white in 
colour. 
The succession of carbonate rocks overlying the Rautgara Formation is described 
as the Gangolihat Formation. This sequence is correlatable with the Deoban 
Formation of the Garhwal Himalaya. The rock sequences are mostly carbonates 
comprising of dolomites and limestones, with their most characteristic feature being 
the algal bioherms made up of columnar stromatolites. An outstanding feature of the 
Gangolihat Dolomites is the occurrence of large and small lentiform deposits of 
crystalline magnesite (Valdiya 1962, 1980). These magnesite deposits are associated 
with talc and steatite and have a considerable economic significance. Copper and lead 
sulfides occur as disseminations in a number of places in these dolomites and 
associated magnesite.  
Overlying the Gangolihat Formation is the Mandhali Formation consisting of the 
Sor Slates representing mildly metamorphosed light green and gray green sandstones, 
and the Thalkedar Limestone containing blue-gray banded limestone, often with chert 
laminae and nodules and argillaceous limestone alternating with calcareous gray 
phyllites (Azmi and Paul, 2004). 
The topmost horizon of the LHMZ is the Berinag Formation which is seen 
surrounding the crystalline masses of Askot, Chilplakot and Baijnath.  The lithology 
consists of fine to coarse grained massive quartzite, often sericitic and schistose, with 
pebble beds, chlorite beds, and interbedded metabasites (Farooq, 1985).  Based on 
field evidences, some workers (Valdiya, 1962, 1964, 1969, 1973; Misra and Kumar, 
1968; Misra and Banerjee, 1968; Misra and Bhattacharya, 1972; Saklani, 1971, 1972; 
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Jain, 1971; Pachauri, 1972; and Bhattacharya, 1976b) are of the opinion that a thrust 
plane separates the Berinag Formation from the underlying units, and that this 
sedimentary sequence is inverted.   
The Himadri domain, bounded in the south by the Vaikrita Thrust and in the 
north by the Trans-Himadri Fault, is exposed in the central and northwestern part of 
the Goriganga basin. It is largely constituted by the Higher Himalayan Crystallines 
(HHC) which include high grade metamorphic rocks of Precambrian, Paleozoic and 
Early Mesozoic ages, metamorphosed during the late Eocene to early Miocene, and 
intruded by granites of Miocene age (Larson and Godin, 2009). The HHC are 
divisible into three units. The southern unit of the HHC is the Joshimath Formation 
comprising of high-grade metamorphic rocks viz., biotite-bearing augen gneisses, 
kyanite-sillimanite psammitic gneisses and kyanite-bearing augen gneiss (Patel et al., 
2011).  
North of the Joshimath Formation is the Pandukeshwar Formation consisting of 
massive, compact, white to fawn coloured quartzites interbedded with sheared 
gneisses and layers of garnet and kyanite bearing schists. The Pandukeshwar 
Formation is intruded by dikes of pegmatites and light coloured granites. Xenoliths of 
granite gneiss are present in pegmatite and granitic intrusives. Bands of calc-silicate 
rocks are also found within the Pandukeshwar formation. The grade of metamorphicm 
increases towards the north (Patel et al., 2011). Virdi (1980) considers this unit as 
older than the Joshimath Formation. 
The Pindari Formation, overlying the Pandukeshwar Formation, is mainly 
comprised of a thick sequences of migmatite gneiss and intrusive granitic bodies and 
mylonitic gneiss/ augen gneiss along with calc-silicate rocks containing calcite, 
diopside, quartz, hornblende, actinolite and tremolite. These rocks are extensively 
intruded by pegmatite veins, granite, aplite veins and dykes (Patel et al., 2011).  
The geological formations comprising the Tethys domain are represented by a 
thick, Late Proterozoic to Late Cretaceous sedimentary cover, lying over the 
crystalline basement, representing the distal continental margin of the Indian shield. 
They constitute an extremely rugged topography, and abut against the Indus-Tsangpo 
Suture that marks the junction of the Indian and Asian continental masses (Valdiya, 
2002). 
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Numerous major and minor thrusts and faults viz., the Munsiari Thrust, the Berinag 
Thrust, the North and Central Chhiplakot Thrusts etc, occur within the Goriganga 
Basin. The Askot Thrust defines the southern extremity of the Goriganga Basin 
(Figure 3.2). Major faults and fold axes trending NNW-SSE are traceable for tens of 
km throughout the study area. A notable example is the Baram Fault at the southern 
extremity of the Goriganga Basin (Pathak et al., 2015). Neotectonic investigations in 
the Kumaun Himalaya have shown that the thrusts and faults defining the 
lithotectonic-geomorphic domains such as T-HF, MCT, MBT and the transverse 
faults that cut through the domains have been quite active in the late Quaternary, 
including the Holocene (Valdiya, 2001b). 
Structural and exhumation studies based on Apatite Fission Track (AFT) and 
Zircon Fission Track (ZFT) observations, prompt Patel et al. (2011) to suggest a 
reactivation of the Munsiari and Vaikrita Thrusts – a rapid exhumation and a system 
that has been in topographic and exhumation steady-state since at least 4 Ma. Patel 
and Carter (2009) estimated that along the Goriganga traverse, the Munsiari and 
Vaikrita Thrusts dip 30-35° towards north, while the Himadri Fault dips 35-40° 
towards north. Through studies based on the cooling and exhumation history of 
Higher Himalayan Crystallines along the Goriganga river valley on the basis of 
apatite and zircon fission tracks, they report an estimated slip of about 2-3 mm/yr in 
the last ∼1.8 Ma along the Vaikrita Thrust. 
Geomorphology and Drainage: The most prominent geomorphic feature of the 
Goriganga basin appears to be a trellis and rectangular pattern of drainage.  Most of 
the tributary streams trend in a NE-SW direction, occupying highly elongated valleys 
and gorges with relatively straight mountain fronts, fault scarps and steep cliffs in the 
middle and lower parts of the basin. Other geomorphic features include rock benches, 
waterfalls and incised meanders (Farooq et al., 2015). Of minor importance are 
streams aligned in a NW-SE direction (particularly in the lower part of the basin). 
This general disposition of streams suggests a structural control over the development 
of drainage in the area. Terraces formed by sediments laid down by the river are 
found on both banks. Pronounced changes in topography along the Goriganga valley, 
i.e. breaks in slopes along the river coincide with the position of the various major 
tectonic features. This may be considered an indicator of the recent tectonic activity 
that has controlled the geomorphic evolution of the Goriganga watershed.  The DTM 
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of the basin provides clear and unambiguous evidence that the basin is still 
tectonically active.  Furthermore, the occurrence of hot springs along some of these 
contacts also suggests the existence of young, deep-seated fault zones. 
Climate and Rainfall: The investigated area receives an average annual rainfall of 
~2,000 mm, mostly restricted to the monsoon months of July to September. Sudden 
cloud bursts with a very heavy downpour (150-200 mm/day) are occasional 
phenomenon in this terrain. The 
Basin experiences extreme 
variation in temperature due to the 
large variations in altitude.  
Vegetation in the catchment varies 
from Alpine meadows in the 
upper reaches to temperate and 
sub-tropical coniferous and 
deciduous forests in the lower 
reaches. This area experiences 
frequent landslides and an 
alarming rate of erosion. The 
upper part of the Goriganga Basin 
lying north of the Vaikrita Thrust 
underlying the Milam Glacier 
consists of calc-phyllites and 
green siltstone of the Milam 
Formation of the Tethyan 
succession (Farooq et al., 2015). 
The ablation area is covered with debris and many epiglacial ponds/lakes (Raj et al., 
2014). The extent of ice cover during the winter months can be seen in Figure 3.3 
which shows the November 2014 image of the Goriganga basin draped over the 
ASTER DEM. 
Investigating paleolake sediments in the Goriganga basin, Kotlia et al. (2008, 
2010) report that a number of lakes either formed or disappeared at around 21 ka 
before present in the Lesser Himalaya due to climate perturbations in response to a 
prominent tectonic activity. Kotlia and Joshi (2013) report that this event was also 
 
Fig 3.3: Landsat ETM+ image  (bands 321 as 
RGB)draped over ASTER digital elevation model 
showing the Goriganga River Basin and its drainage 
with locations of the major landmarks (looking 
northwards from an altitude of ~ 90 km). 
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recorded in the Tethys terrain of Kumaon when the Barphu lake was formed due to 
damming of the Goriganga river as a result of tectonic movements between the MCT 
and T-HF. This lake seems to have breached around 11 ka before present due to a 
seismic event, leaving behind a 25.6 m thick upward fining lake sequence consisting 
of sand, silt and alternating mud. Based on investigations using multi-temporal 
satellite data and field investigations, Raj et al. (2014) have identified the growth of a 
proglacial lake in close proximity to the snout of the Milam glacier, and numerous 
epiglacial lakes in its ablation zone. They conclude that between 2004 and 2011, the 
Milam glacier has receded by 480 m. On the basis of paleoclimatic information 
derived from the analysis of stable isotopes from lacustrine deposits near the Barfu 
village in the Goriganga Basin, Beukema (2007) suggests an increase in temperature 
resulting in a strengthening of monsoons and corresponding increase in the rate of 
chemical weathering at the onset of the Holocene (~ 11.7 ka). 
Active Tectonics around Goriganga Basin: The patterns of tectonic activity 
leading to catastrophic events are difficult to predict on the basis of observations 
spanning a few years, or even by all events recorded in history (Agarwal and Sharma, 
2012).  Assessments of active tectonics based on geomorphic indices of landscape 
features reflect the changes brought about in the last few millennia, and therefore 
provide insights into specific areas or sites that are adjusting to relatively rapid rates 
of tectonic deformation.  In tectonically active regions, such as the Himalaya (Kizaki, 
1994), uplift and denudation rates are of the order of up to 10 mm/a, i.e. 10 km/Ma. 
This high rate of uplift, coupled with a high rate of erosion by rivers, ensures that 
what one sees at the surface along river valleys must be all very young (possibly less 
than a few tens of thousands of years old). 
The main channel of the Goriganga River, a 7
th
 order stream, describes a 
discordant drainage, in that it does not conform to the topology and geology of the 
area. It is an antecedent and superimposed river since it cuts across the geological 
formations and major tectonic features of the Himalaya which trend in a general 
WNE-ESE direction.  In antecedent drainage, a river's vertical incision ability 
matches that of land uplift due to isostatic/tectonic forces. Due to the down-cutting 
action of the river, the younger rocks (in the upper part of the stratigraphic sequence) 
are removed, exposing the older rocks, and the river continues to flow over a 
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seemingly new surface, but one which is in fact made up of rocks of older geological 
formations. 
Most Himalayan rivers, including the Goriganga, rise in the north of the lofty 
Himadri, incising their way through the mountain barrier, with their beds not more 
than 900-1200 m above sea level at points where they rush through the 6000-8000 m 
high mountain barrier.  These rivers, which are older than the Himalaya, seem to have 
maintained their levels, while the mountain barriers rose higher and higher (Valdiya, 
1996). 
The study area has variable rates of active tectonics resulting primarily from the 
collision of India with Asia, giving rise to various degrees of uplift, and lateral 
movements along numerous faults, shears and other tectonic features.  In this sector, 
rugged mountains, deep valleys, unpaired river terraces, paleochannels, and offset 
ridges and stream channels are associated with earthquakes, landslides, rapid erosion, 
ground warping and tilting – all of which bear testimony to the mobility of the crust.  
The selected area is considered an ideal location for testing the efficacy of 
morphotectonic indices in predicting relative tectonic activity on the basis of a large 
area rather than a single valley or mountain front. It is also suitable for generating 
some primary data relevant to formulating management strategies for prevention, 
mitigation and preparedness for coping with natural hazard in a region known to be 
most vulnerable to natural disasters. Results of this study have significant 
connotations as regards geological hazards viz. earthquakes, landslides, debris flow, 
river erosion etc. in the Goriganga River basin in relation to known tectonic features.  
Despite the great antiquity of constituent rock formations, continued uplift along 
active faults has maintained the four Himalayan terrains in a very youthful state 
characterized by extreme ruggedness of their terrains. Continuing movements in the 
late Quaternary time are responsible for the high elevation of the mountain ranges 
delimited by active faults. In the Kumaon Himalaya, accelerated erosion and slope 
failures in faulted zones, and rapid silting of lakes behind tectonic or debris dams, are 
consequences of resurgent tectonism in the Holocene. Valdiya (2001b) opines that all 
the terrain-bounding thrusts/faults in the Kumaon region are active – those of the 
Himalayan front in the south more so than others because it is along this belt that the 
strains generated by the northward moving Indian plate are released periodically. The 
analysis of hypocentral depths indicates continuing movement on what he defines the 
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Basement Detachment Thrust (BDT). The BDT is the plane along which the pile of 
Himalayan rocks was uprooted from its foundation (basement) and is prone to 
decoupling and displacement due to continuing northward push of the Indian plate. 
The boundary thrusts and faults such as T-HF, MCT, MBT and HFF merge with this 
BDT, so that the movements along the BDT are propagated to the boundary thrusts. 
Valdiya (2001b) points out that, as evident from the pattern of seismicity, the 
boundary thrusts are inactive in some sectors while they are active in other parts. The 
entire Kumaon Himalaya sector has not been ruptured through any major earthquake 
greater than M8 in the last 200 years.  Considering the northward sliding rate of the 
Indian subcontinent (18±2 mm/yr) and the previous longest known interval of 72 
years between two great events of 1833 and 1905, he observes that the region has not 
experienced a large earthquake for a period exceeding this interval, and therefore this 
calls for special efforts with regard to hazard preparedness in this sector of the 
Himalayan orogen. 
Intermontane synclinal valleys of varied dimensions – the Duns – viz., the Soan 
and Pinjor Duns in the Punjab Himalaya, Dehra Dun in Garhwal, Kota-Pawalgarh 
Duns in Kumaun and Rapti-Dang Duns in Nepal are widely believed to have resulted 
from Quarternary tectonic movements along longitudinal thrusts and faults in the sub-
Himalaya (Nakata, 1972; Singh et al., 2001; Thakur and Pandey, 2004). These are 
filled with post-Siwalik debris flow and fluvial deposits called ‘Dun Gravels’ by 
Medlicott (1864).  Landform disposition and evolution within these Duns is the result 
of various tectonic, climatic and depositional processes.  Powers et al. (1998) and 
Malik and Nakata (2003) opine that the dimensions of Duns seem to be tectonically 
controlled.  Valdiya et al. (1992) and Valdiya (2003) studied the activity along the 
Himalayan Frontal Thrust and other minor faults running parallel to it in the foothills 
at Kosi near Nainital, and concluded that they are neotectonically active.  They have 
also observed that in the west of the Kosi river, the HFT is laterally offset by a few 
transverse faults trending in a NNE-SSW direction. 
The geomorphology and drainage patterns in the area of active faulting and 
related folding provide significant information on the ongoing tectonic activity. On 
the basis of geomorpgology and drainage patterns in the Kaladhungi area along the 
foothill zone of the Kumaon sub-Himalaya, Malik et al. (2014) have deciphered 
ongoing tectonic activity in the area. 
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Mehta and Sanwal (2011), working in the Betalghat area of Nainital, discovered 
an offset of ~1.5 m in the Quaternary sediment by a NNE-SSW trending transverse 
fault.  They interpret that the displacement indicates both compressional and 
extensional tectonic activity – the fault being the youngest feature in the area, 
displacing the major Himalayan structural grain, suggesting that the transverse fault 
trending NNE-SSW is active due to oblique convergence of the Indian plate beneath 
the Eurasian plate.  Uplifted and truncated fluvial terraces, tectonic landforms and 
offsetting in the Quaternary sediments along transverse faults in the area are cited as 
additional evidence for active tectonics in the area. 
On the basis of geomorphic evidences acquired through field studies around the 
Kota-Pawalgarh Duns in the Kumaon sub-Himalaya and analysis of LISS III data and 
stereo photographs, Goswami and Pant (2007) delineated various tectono-geomorphic 
features and deciphered ongoing tectonic activity in the area.   
Bali et al. (2009) studied the causes of the Amiyan Landslide event, which is 
located on the Main Boundary Thrust (MBT) in the Siwalik Formations of the Sub 
Himalaya – about 4 km north of Kathgodam.   They noticed that the slide occurred 
because of the development of two north-south trending fault scarps dipping towards 
each other. This produced a prominent wedge that slumped under the action of 
gravity.  
In another study, Goswami and Pant (2008) investigated the faults and thrusts 
crossing the Binau-Ramganga-Naurar transverse valley in southern Kumaon 
Himalaya, and concluded that the landscape and morphology of the valley is largely 
controlled by neotectonic movements along the South Almora Thrust, Ramgarh 
Thrust and Bhikiyasain Fault. 
On the basis of geomorphic, morphometric, seismic and geological data, Kothyari 
and Pant (2008) have mapped four transverse faults terending NNW/NW-SSE/SE in 
northwest Almora, suggesting active deformation around the area. 
Reviewing the work done on the tectonics of the Himalayan Frontal Thrust 
(HFT), Thakur (2004) excavated a 55 m long trench across a scarp that has displaced 
the HFT at Kala Amb, Himachal Pradesh. The exposed trench-wall revealed four low 
angle thrusts. Analysis of the trench-wall stratigraphy, structure and 
14
C dating 
revealed evidence of two large surface-rupture earthquakes. These observations, 
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coupled with field studies of piedmont zone between Fatehpur and Roorkee prompt 
the author to suggest increased seismic hazard to the adjoining Gangetic plain.  He 
further recommends integrated multidisciplinary studies on a priority basis covering 
the central seismic gap region, and inclusion of the region between HFT and MBT 
under seismic zone V. Valdiya (2005) also suggests that the area, especially the THF 
zone, has undergone recent tectonic movements. 
Recent Landslides: Steep slopes are a product of the interplay between terrain 
uplift associated with active tectonics, and powerful streams denuding hillsides, 
leading to rapid erosion in the form of large landslides. Larsen and Montgomery 
(2012), investigating landslide erosion in the Tsangpo gorge in southeast Tibet, 
eastern Himalaya opine that once the ground slope exceeds 30
o
 – whether from uplift 
or due to rapid erosion by a stream cutting away the bottom of a hill slope, or by a 
combination of both these factors – landslide erosion increases significantly until the 
hillside stabilizes. They found that a small increase in slope angle above about 30
o
 
translated into large increases in landslide occurrence as the force of gravity exceeded 
the strength of the bedrock. 
Investigating the spatial relationship between landslides and their causative factors at 
the regional level on Lantau Island (Hong Kong), Zhou et al. (2002) observed 
compatible relationship between landslides, topography and landcover.  Incorporating 
such methods as statistics, spatial pattern analysis, and interactive mapping, they 
observed that most of the landslides in the island occurred on slopes with angles of 
25-35
o
.  Overlaying landslide data with land cover, led them to visualize that a large 
number of landslides occurred in barren and shrub-covered areas, and in the transition 
zones between different vegetation types.  Rajakumar et al. (2007), investigating 
landslide susceptibility in the Ooty area of Tamil Nadu, concluded that landslide 
susceptibility was highest on the non-forested slopes between 25
o
 to 45
o
.  They 
surmised that deep rooted vegetation like shrub, fallow or forest stabilized the topsoil 
on slopes above 30
o
, and were an important factor in lowering landslide susceptibility.  
They also observed that south facing slopes showed a greater vulnerability to 
landslides, and attributed this to the microclimatology and cultivation activities 
followed in their area of investigation.  The approach of these investigators can be 
used not only to analyze the general characteristics of such a relationship, but also to 
depict its spatial distribution and variation, thereby providing a sound basis for 
  
43 
regional landslide prediction (Zhou et al., 2002). The Amiyan landslide on the left 
bank of the Gola River in the Lesser Himalaya near Nainital, measuring 0.62 km
2
, is 
believed to have been active since 1968, and has grown from 0.02 km
2
 to its present 
size on account of the active tectonic activity along the Main Boundary Thrust which 
passes along its toe. The appearance of two N-S trending fault scarps in the central 
part of the slide zone since 1992 prompts  Bali et al. (2009) to conclude that this 
landslide is in consequence of ongoing tectonic activity along the Main Boundary 
Thrust. 
Significant portions of the 
Goriganga Basin are comprised of 
sloping, barren ground, and most 
of this land is subject to 
landslides, debris flow and other 
types of slope failure. Landslides 
are identified from high resolution 
satellite images in Google Earth
®
 
with the help of a number of 
attributes including colour, tone, 
mottling (surface roughness) and 
texture. These factors depend on 
the light reflected by the surface, 
and can be used to infer rock, soil 
and vegetation types – the latter 
being a proxy for wetness (Farooq 
and Khan, 2015). Landslides are 
easily recognizable immediately 
after a landslide event – the 
boundaries are usually distinct, 
making it relatively easy to 
identify and map the landslide.  
Failure of the slope results in the removal of topsoil, regolith and vegetation. As time 
passes, vegetation starts to cover the landslides and human activity results in the 
destruction of its evidence.  Many landslides appear to have been reactivated and 
 
Figure 3.4: Landslide inventory map of the Goriganga 
basin showing the locations of 687 landslides from 
2005 to 2015. 
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moved as time progressed. 687 landslides – ranging widely in size, type and degree of 
activity – have been mapped within the Goriganga Basin (Figure 3.4). 
Developmental Activities: This section documents the major anthropogenic 
interventions in the Goriganga valley which, together with the active tectonic status of 
the region, have the potential of severely altering the environment of the Valley. 
Utilization of the hydroelectric potential of the Goriganga basin is envisaged through 
construction of a 412 m long and 98 m high dam – the 170 MW Bogdiyar-Sirkari 
Bhyol Hydroelectric Project at Bogdiyar (30
o12’54” N: 80o13’30”) – harnessing a 
total head of about 360 m.  The catchment area of the dam is 935 km
2
, with gross 
storage of 6.31 million m
3
 of water.  
Apart from the Bogdiyar-Sirkari Bhyol Hydroelectric Project, four major hydro-
electric power projects are proposed to be executed on the Goriganga and its 
tributaries (Table 3.1). Besides, numerous mini- and micro- projects are in various 
stages of planning, feasibility studies or implementation. Some of these projects are 
located in the wildlife rich upper reaches of the Goriganga catchment and Askot 
Wildlife Sanctuary at the southern end of the basin (Karanth and Choudhry, 2012).  
Table 3.1: List of Hydro-Electric Power Projects proposed to be developed n the 
Goriganga catchment 
 
S.No. Name of Project Capacity (MW) River/Tributary 
1 
Rupsiabagar-Khasiabara Hydro-
Electric Power Project 
261 
Goriganga 
3 Mapang-Bugdiyar 200 Goriganga 
4 Madkini 50 Madkini 
5 Jimba Gad 7.1 Madkini 
 
It must be pointed out that the Dam site of the Bogdiyar Project is just 3.5 km from a 
major, active, hitherto unreported left-lateral fault, visualized through this study, and 
which is also indicated by the seismicity map of the region compiled from the data 
acquired from the archives of the USGS Earthquake Hazards Program (Figure 2.1). 
Furthermore, the dam site is just 5.25 km due north of the epicenter of the January 30, 
2006 M 4.1 seismic event which occurred at a depth of ~ 41 km. Besides this, 15 
seismic events of various magnitudes have been reported within 30 km of the 
Bogdiyar dam site since 1993 (Table 3.2). 
The Ministry of Environment and Forests rejected the Uttarakhand Government's 
proposal for the Rupsiabagar project in 2012. It suggested that the State Government 
of Uttarakhand may undertake comprehensive study through a multidisciplinary team 
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drawn from reputed independent academic institutions to assess the cumulative 
impacts of existing, under‐construction and proposed hydroelectric power projects in 
the entire Goriganga Basin. All hydroelectric projects proposed in the region would 
only be considered by the Ministry on the basis of such detailed cumulative impact 
studies.   
Table 3.2: Earthquake Epicenters within 35 Km of the Dam site at Bogdiyar 
S. No. Latitude Longitude Mag Date 
Time 
(UTC) 
Depth 
(km) 
Dist from 
Dam Site 
1 30.17 80.23 4.1 30.01.2006 01:57:34 40.80 5.21 
2 30.25 80.34 4.0 03.07.2014 11:35:00 35.00 11.42 
3 30.30 80.12 3.6 25.02.2006 18:51:12 10.00 13.74 
4 30.32 80.34 4.1 06.07.2014 14:48:13 43.73 16.38 
5 30.28 80.35 5.0 04.09.2008 12:53:11 10.00 17.14 
6 30.04 80.16 3.9 13.08.2008 14:49:08 42.50 20.25 
7 30.03 80.31 5.9 20.05.1979 22:59:14 33.00 22.19 
8 30.10 80.03 4.5 01.05.2010 22:36:29 35.50 23.08 
9 30.09 80.04 4.4 19.08.1993 03:49:27 33.00 23.15 
10 30.32 80.43 4.6 04.05.2011 20:57:19 25.40 23.32 
11 30.07 80.03 4.6 22.02.2010 17:23:45 10.00 24.51 
12 30.08 80.01 4.2 19.08.2008 10:54:26 15.50 25.52 
13 30.29 80.48 4.7 01.02.2006 22:24:15 50.60 26.12 
14 30.03 80.01 4.7 04.04.2003 07:02:32 33.00 29.60 
15 30.27 80.53 4.5 14.02.2006 19:17:33 62.50 29.68 
16 30.17 79.92 5.3 03.03.1969 06:20:21 20.00 30.00 
17 30.37 80.50 4.8 01.03.2004 17:41:18 58.60 31.10 
18 30.04 79.96 4.4 24.08.2014 08:29:31 10.00 32.25 
 
Assessment of active tectonics of a region is an essential prerequisite to many 
developmental activities, for such assessments help in the management of natural 
hazards – preparedness, response, recovery and mitigation – and help in design and 
siting of critical engineering structures so that they serve their purposes most 
effectively.  Evaluation of active tectonics and associated hazards requires knowledge 
of the patterns, styles and rate of tectonic processes, and therefore in this thesis I 
review briefly the nature and magnitude of crustal deformation that resulted in the 
uplift of the Himalaya, the various litho-tectonic units that constitute it, and how these 
influenced or are likely to influence the mode and manner of evolution of the local 
environment and habitat. 
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Besides hydroelectric power projects, numerous roads are planned or are under 
construction through the Goriganga valley, to link the army and ITBP outposts close 
to the border with Tibet. Many road construction projects are underway. Piles of 
rubble extend from the tops of hills right up to the stream banks along steep valleys, 
in places obstructing the stream flow. 
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Chapter 4 
Data Used: 
Sources and Processing Methods 
 
 
 
 
 
 
In the present study, morphometric analysis is based on the integration of a 
number of datasets acquired through remote sensing techniques, field mapping, and 
recording through geophysical instruments around the globe.   All data are 
transformed to conform to a common projection and datum viz., the Universal 
Transverse Mercator (UTM) and WGS84.  The digitization of geological and other 
information is carried out in Map Maker software.  For a study of this kind, a lot of 
high quality data in terms of accuracy and resolution is required.  After considering 
the various data sources and exploring their accuracies in terms of applicability for 
morphometric analyses on a scale commensurate with the objectives of this study, a 
decision was made regarding the use of datasets for terrain analysis, landcover 
classification in terms of major types, and geological detail to be juxtaposed with 
results of morphometry for further analysis.  Likewise, the choice of software tools 
for manipulating and processing this data was based primarily on the degree of 
accuracy and ease offered by the particular application for a specific task.  This 
chapter details the data, software and methods used in this investigation. 
 
Data Sources 
The most important and fundamental data used for morphometric studies is the 
geographically referenced elevation data. Topographic maps or their digital analogues 
are thus the basic datasets used. In simple view, Digital Elevation Models (DEMs) are 
 48 
analogues of topography, and are useful for studying spatially distributed phenomena 
and processes over the surface of the earth. DEMs provide a three dimensional view 
of the earth’s surface topography at regional and smaller scale. As such they are 
increasingly used for visual analysis of topography, landforms and landscapes (Hirano 
et al., 2003; Kamp et al., 2003, 2005; Welch, 1990).  They are also used for mapping 
and analyzing landslide prediction and characterization (Dikau et al., 1996), climate 
and meteorological phenomena (Thornton et al., 1997), integrated studies of Hill 
slope processes (McDermid and Franklin, 1995) and hydrologic modeling (Band, 
1993). Digital elevation models consist of regularly spaced x and y values 
representing geographic coordinates, while the z values represent elevation.  The data 
are referenced to a given datum for a set of x, y points (Bernhardsen, 1999; Bolstad 
and Stowe, 1994; Welch, 1990). The resolution of the DEM depends on various 
factors including data source (digital satellite images, aerial photo, topographic maps 
or laser interferometry), grid spacing and other variables like data structure and 
algorithms used during the extraction process (Campbell, 2002; Cuartero et al., 2004; 
Sabins, 2007; USGS, 1993). 
Digital Elevation Models: For this study, digital elevation models derived from 
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 
were used.  The ASTER instrument was built by the Ministry of Economy, Trade and 
Industry (METI) of Japan, and launched onboard NASA’s Terra spacecraft in 
December 1999. ASTER acquires spectral data in 14 bands using three separate 
telescopes and sensor systems. These include three visible and near-infrared (VNIR) 
bands with a spatial resolution of 15 m, six short-wave-infrared (SWIR) bands with a 
spatial resolution of 30 m, and five thermal infrared (TIR) bands that have a spatial 
resolution of 90 m (ASTER Validation Team, 2009). Each ASTER scene corresponds 
to about 60 X 60 km ground area. VNIR Band 3 is also acquired by a backward-
looking telescope, providing an along-track stereo coverage with a base-to-height 
ratio of 1:6, from which high-quality global digital elevation model (GDEM) is 
generated. One of the advantages of the along track data acquisition system is that the 
images constituting the stereo pair are obtained a few second apart under consistent 
lighting and environmental conditions, producing a homogenous quality that is 
suitable for generating DEMs employing automated stereo correlation techniques. The 
ASTER-GDEM datasets were provided by METI and NASA to the Global Earth 
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Observation System of Systems (GEOSS), and can be downloaded by the global user 
community via electronic download from the Earth Remote Sensing Data Analysis 
Center (ERSDAC) of Japan and USGS-NASA’s Land Processes Distributed Active 
Archive Centre (LPDAAC). 
The ASTER GDEM is available in 1
o
 X 1
o
 tiles and covers land surfaces between 
83°N and 83°S latitudes.  The data comes in GeoTIFF format with geographic 
lat/long coordinates and a 1 arc-second (approximately 30 m) grid. It is referenced to 
the WGS84 geoid. Table 4.1 summarizes the basic characteristics of the ASTER 
GDEM.  
Table 4.1: ASTER GDEM Characteristics (ERSDAC, 2011) 
Tile Size 3601 x 3601 pixels (1° X 1°) 
Posting Interval 1 arc-second 
Geographic coordinates Geographic latitude and longitude 
DEM output format GeoTIFF, signed 16 bits, and 1 m/DN Referenced to 
the WGS84/EGM96 geoid 
Special DN values -9999 for void pixels, and 0 for sea water body 
Coverage North 83° to south 83°, 22,600 tiles for Version 1 
 
Pre-production estimated accuracies were 20 m at 95 % confidence for vertical 
data and 30 m at 95 % confidence for horizontal data.  Studies conducted by a large 
group of international investigators, working under the joint leadership of U.S and 
Japan ASTER Project conclude that the overall accuracy of ASTER GDEM, on a 
global basis, can be taken to be approximately 20 meters at 95 % confidence (Meyer, 
2011). Based on a set of geodetic ground control points over Western Australia, Hirt 
et al. (2010) have assessed the horizontal accuracy of ASTER GDEM to be ~30 m 
and the vertical ~15 m. Notwithstanding these limitations, ASTER GDEM Version 1 
is considered to be research-grade data (ASTER Validation Team 2009).  Hall and 
Tragheim (2010) while comparing the accuracy of ASTER DEMs with the British 
NEXTMap data demonstrated that ASTER DEMs, if generated with adequate ground 
control, can have a level of accuracy which is suitable for fulfilling many geological 
and mapping applications in international projects. 
Datasets used for the present study (ASTGTM_N29E079, ASTGTM_N29E080, 
ASTGTM_N30E079 and ASTGTM_N30E080) were downloaded from the website of 
Earth Remote Sensing Data Analysis Center (ERSDAC) 
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(http://gdem.ersdac.jspacesystems.or.jp/).  ERSDAC has since merged with the 
Institute for Unmanned Space Experiment Free Flyer (USEF) and Japan Resources 
Observation System and Space Utilization Organization (JAROS) forming a new 
organization called ‘Japan Space Systems’, but continues to dispense ASTER GDEM 
data. 
Multispectral Data LANDSAT (OLI):  Multispectral data used for land cover 
classification of the study area is a scene acquired by the Operational Land Imager on 
board the LANDSAT 8.  Landsat 8 was launched on February 11, 2013. It is the 
eighth satellite in the Landsat program; the seventh to reach orbit successfully.  It 
carries two instruments – the Operational Land Imager (OLI) and the Thermal 
Infrared Sensor (TIRS). The OLI acquires the same bands as its predecessor (the 
ETM+), along with three new bands: a deep blue band for coastal/aerosol studies, a 
shortwave infrared band for cirrus detection, and a Quality Assessment band. The 
Thermal Infrared Sensor (TIRS) sensor provides two thermal bands. Both these 
sensors provide improved signal-to-noise radiometric (SNR) performance quantized 
over a 12-bit dynamic range.  Improved signal to noise performance enable better 
characterization of land cover state and condition (USGS, 2015). Table 4.2 shows the 
OLI band identification. 
Table 4.2: Band characteristics of Operational Land Imager (OLI) 
Band # Band Description Centre (nm) 
1 Coastal Aerosol (Operational Land Imager (OLI)) 433 
2 Blue (OLI) 482 
3 Green (OLI) 562 
4 Red (OLI) 655 
5 Near-Infrared (NIR) (OLI) 865 
6 Short Wavelength Infrared (SWIR) 1 (OLI) 1610 
7 SWIR 2 (OLI) 2200 
8 Panchromatic (OLI) 590 
9 Cirrus (OLI) 1375 
10 Thermal Infrared Sensor (TIRS) 1 10800 
11 TIRS 2 12000 
 
The scene ID of the data used for this study is LC81450392014321LGN00, 
acquired from the website of the US Geological Survey at 
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http://earthexplorer.usgs.gov/. The data was acquired on November 17, 2014 at about 
10:30 local time.  Although the scene has a cloud cover of 6.2 %, the image segment 
representing the study area is 100 % cloud free.  Each of the multispectral and thermal 
bands consists of 7861 lines and 7711 samples.  The panchromatic band consists of 
15721 lines and 15421 samples. The multispectral bands (Bands 1-7 & 9) have a 
spatial resolution of 30 meters, the panchromatic band (Band 8) has a resolution of 15 
meters, and the TIRS bands (Bands 10 and 11) collected at 100 meters are resampled 
to 30 meters to match OLI multispectral bands. 
The dataset used for land cover classification is processed to Level 1T (L1T), and 
is orthorectified, consisting of radiometrically corrected L0 data scaled to at-aperture 
spectral radiance.  The dataset is resampled for registration to the WGS 84 
cartographic projection.  The L1T product is also corrected for terrain relief. The 
geometric corrections have used observatory ephemeris data and ground control 
points; DEM data has been used to correct for terrain relief.  The dataset thus 
incorporates systematic radiometric accuracy.  Geometric accuracy is incorporated by 
using ground control points, while topographic accuracy is obtained by employing a 
Digital Elevation Model (DEM).  Geodetic accuracy of the data depends on the 
accuracy of the ground control points and the resolution of the DEM used. 
Topographic Maps: For the present study, topographic maps of the area published 
by the Army Map Service, Corps of Engineers, US Army were used.  The Army Map 
Service (AMS) is responsible for the publication and distribution of military 
topographic maps for use by U.S. military forces.  One of the objectives of the AMS 
is to collect, catalogue, and digitize maps of the United States and other countries, as 
also map information required by the War Department, and to compile and reproduce 
maps required for initial operations of US military forces. 
Topographic maps of the study area on a 1:250,000 scale were downloaded from 
the Perry-Castañeda Library of the University of Texas at Austin.  The Perry-
Castañeda Library Map Collection is a large map collection maintained by the Perry-
Castañeda Library at the University of Texas at Austin 
(http://www.lib.utexas.edu/maps/).  Many of the maps in the collection have been 
scanned and are available online, and most of these maps are in public domain.  The 
collection includes maps of special interest. 
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The downloaded maps were georeferenced to the UTM projection and WGS84 
datum, to conform to other spatial datasets used in this investigation, using Global 
Mapper
®
.  The georeferenced topographic maps were used for vectorizing the 
locations of villages and small towns in the Goriganga basin, as also for comparing 
the accuracies of drainage networks and watershed boundaries derived from digital 
elevation data. 
Geological Data:  Geological data in respect of lithology, major tectonic features 
like thrusts and dislocations, and minor faults, joints and shears were extracted mainly 
from the geological map of Kumaon Himalaya compiled  from various sources and 
modified by Valdiya (1980).  The map was georeferenced to the UTM projection and 
WGS84 datum to conform to ASTER DEM and multispectral data used in this study. 
Geological information was also gathered from published geological maps of the 
Kumaon Himalaya which contained a geographic referencing coordinate system and 
could therefore be geo-referenced. 
Earthquake Database:  Earthquakes are the most direct evidence of active 
tectonics.  To corroborate the tectonic activity in the area of investigation as indicated 
by morphotectonic indices with seismic activity in the region, a detailed and accurate 
seismic map of the area was thought necessary. For this, historical earthquake data 
available from the United States Geological Survey’s (USGS) Earthquake Hazards 
Program was used.  The USGS Earthquake Hazards Program (EHP) which is a part of 
the National Earthquake Hazards Reduction Program (NEHRP) monitors and reports 
earthquakes on a global scale, assesses earthquake impacts and hazards, and 
researches the causes and effects of earthquakes. The EHP provides and applies 
relevant earthquake science information and knowledge for minimizing human 
deaths, injuries, and property damage from earthquakes through understanding of 
their characteristics and effects, and by providing the necessary information and 
knowledge needed to mitigate these losses (Folger, 2014).  The earthquake database 
in respect of the event, date, time, location and depths of foci in a 200 km radius 
around the Goriganga Basin for the last 50 years was acquired from the USGS-EHP 
website at: http://earthquake.usgs.gov/earthquakes/search/ 
Landslide Database: Significant areas of the Goriganga Basin constitute sloping 
ground, and most of this land is prone to landslides and other kinds of slope failure. 
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Landsliding appears to be one of the most common geomorphic processes resulting 
from active tectonics in the Goriganga basin. In order to assess the accuracy of the 
relative degree of active tectonics as deciphered from various morphotectonic indices, 
it was considered necessary to prepare a landslide inventory map of the study area so 
as to identify sectors experiencing most frequent landslides, and therefore undergoing 
rapid uplift. Landslide mapping is also helpful for visualizing the relationship of 
landslides with slope, land cover and rock types. Since landslide data is not available 
from any source, mapping of active and recent landslides was undertaken.  
Identification and mapping of landslides in the field is an extremely expensive and 
time-consuming task.  However, with the development of technology and the 
availability of high resolution satellite imagery, it has now become possible to 
identify landslides and estimate the approximate time of their occurrence by a study 
of multi-date images.  Many virtual globes available through the World Wide Web 
(www) provide high resolution multi-date imagery.  In this context, Google Earth’s 
new features which include tools for vectorization of points, lines and polygons, and 
viewing old satellite images were particularly useful, since these made landslide 
identification and mapping an easily accomplished task.  
Landslides were identified from high resolution satellite images in Google Earth with 
the help of many attributes, including colour, tone, mottling (surface roughness) and 
texture. These factors depend on the light reflected by the surface, and were used to 
infer rock, soil and vegetation types, the latter being a proxy for wetness (Mihir and 
Malamud, 2014; Farooq and Khan, 2015). Recent landslides were easily recognized 
since their boundaries were usually distinct, making it relatively easy to identify and 
map the landslide.  Fresh landslide areas were found to be devoid of vegetation cover.  
It is observed that with the passage of time, vegetation covers the landslides and 
anthropogenic activity results in the destruction of its evidence.  Many landslides 
appear to have been reactivated and moved as time progressed. Criteria used for 
recognition of landslides included: 
1. Patches of bare rock in otherwise thickly forested areas 
2. Patches of regolith forming fan shaped masses with their apexes pointing 
upslope along valley sides 
3. Patches of regolith forming fan shaped masses with their apexes pointing 
downslope at the valley head.  
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Field work was undertaken to clarify ambiguous landslides, and land-cover 
classification and to visit areas of major landslides to determine other possible causes 
of landslides through observation and informal interviews with local people. Many of 
the recent landslides examined during field visits appear to affect the soil mantle and 
upper regolith and may be classed as shallow landslides. Some of these show a 
tendency to evolve into unconfined debris flows threatening roads, cultivation and 
houses. Field investigations also provided a secondary validation of the classification 
results of the OLI image for land cover mapping. A Garmin hand-held GPS receiver 
with an accuracy of 3 m was used to map and collect the coordinates of important 
land use features during pre- and post-classification field visits to the Goriganga basin 
in order to prepare land-use and land-cover maps and landslide maps. 
Software Used 
ArcMap with TAUDEM Plugin:  Terrain Analysis Using Digital Elevation 
Models (TauDEM), a suite of tools for analysis of hydrologic information extracted 
from digital elevation models was used for delineating stream networks and basin 
boundaries from digital elevation data of the study area. TAUDEM is a plugin tool 
used with ArcGIS. The tool was developed by Tarboton (1997) of the Utah State 
University, and provides the capability of pit removal in DEMs, calculation of slopes, 
flow paths and estimation of contributing areas using single and multiple flow 
direction methods, delineation of drainage networks, and watershed and sub-
watershed boundaries. ArcMap is one of the components of Esri's ArcGIS suite of 
geospatial data processing programs, and is used primarily for viewing, editing, 
creating, and analyzing geospatial data.  
Using ArcMap one can create and manipulate data sets to include a variety of 
information. For example, the maps generated by using ArcMap can be linked with 
elaborate databases, and generally include features like north arrows, scale bars, titles, 
legends, etc. The software package includes a style-set of these features.  ArcInfo, 
which is the highest level of licensing, allows users access to a wide variety of 
extensions viz., 3D Analyst, Spatial Analyst, and the Geostatistical Analyst. Upon 
completion of the map, ArcMap allows saving, printing, and export of maps to many 
different file formats including PDF, BMP and SVG format. 
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ENVI Classic 5.0:  To classify multispctral data in order to delineate land-cover 
classes, ENVI (The Environment for Visualizing Images) was the software of choice.  
ENVI is one of several commonly used commercial image processing packages. Its 
strengths lie in well-developed algorithms for multispectral, hyperspectral and SAR 
data. It is built upon the IDL (Interactive Data Language) platform which enables its 
development, customization and extension easier than other software packages. 
Apart from being able to read data in ENVI Standard image file format, it is also 
able to read a variety of external files including SPOT, Landsat, Radar (SAR), 
ArcView Raster, AVHRR, Mr. SID, IKONOS, MODIS, TIFF/GeoTIFF, Quickbird, 
USGS DOQ, JPEG, ASTER, ASCII, etc.  However, only ENVI raster datasets 
accommodate the full functionalities of ENVI.  A raster dataset in the ENVI format 
consists of two component files – a binary data file containing the raster data in one of 
three formats – Band Interleaved by Pixel (BIP), Band Interleaved by Line (BIL) or 
Band Sequential (BSQ) format, and a corresponding ASCII header file with an ‘.hdr’ 
file extension.  Because ENVI uses ASCII header files that are built on-the-fly if 
required, converting file formats is not necessary. Statistical information about 
images, indicating image characteristics and quality, can be calculated and viewed in 
a graphical or tabular format using histograms and scatter plots.  
ENVI Classic is ideal for visualization, analysis, and presentation of all kinds of 
digital imagery. It incorporates advanced, yet easy-to-use, tools for geometric 
correction, spectral analysis and manipulation, terrain analysis, radar analysis, raster 
and vector GIS capabilities.  ENVI Classic’s unique approach to image processing 
combines file-based and band-based techniques with interactive functions (ENVI 
User’s Guide, 2004). When a data file is opened, its bands are stored in a list where 
each one can be accessed from all system functions. If multiple files are opened in 
ENVI, bands of disparate data types can be processed as a group. 
ENVI Classic’s interface is complemented by its comprehensive library of 
processing algorithms. It includes all the basic image processing functions, imposing 
no limitations on the number of spectral bands that can be processed, so that one can 
use either multispectral or hyperspectral data sets. It also includes advanced tools for 
analyzing radar data sets.  ENVI Classic addresses common image processing 
problem areas such as input of non-standard data types, viewing and analysis of large 
images, and simple extensions of analysis capabilities (add-on functions). The 
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software includes essential tools required for image processing across multiple 
disciplines, and it has the flexibility to allow implementation of customized analysis 
strategies (ENVI User’s Guide, 2004). 
Map Maker:  Map Maker® is a mapping and Geographical Information Systems 
(GIS) application available for use with Microsoft Windows. Map Maker software has 
been developed by Eric Dudley of Map Maker Ltd in Scotland. It allows drawing and 
editing of basic maps, and linking them to databases. It has powerful GIS functions 
such as thematic mapping and data interrogation, and offers a host of functions for 
manipulating vector, raster, 3D, and GPS data. Tasks such as dividing and joining 
polygons, that are complex in many other programs, are simple in Map Maker. The 
program can be used both with vector and raster data and produces good quality, 
accurate maps. Map Maker is compatible with a wide range of map data formats - e.g. 
TIF, JPG, ECW, SHP, EMF, DXF, GML, etc.  It is a fully functional map production 
program which can produce accurate maps on any true Windows compatible printer.  
It also supports multi-sheet printing of large maps. 
Map Maker is designed for Windows XP and above. The recommended platform 
is Windows 7 or 8.1 Pro (32-bit or 64-bit) with 3 GB of RAM or more. 
Global Mapper: Global Mapper®, developed by Blue Marble Geographics LLC, 
was used in the present study.  It is a geographic information system (GIS) software 
package originally developed by the United States Geological Survey and followed up 
since 1998 by Blue Marble Geographics. It handles vector, raster, and elevation data, 
and provides visualization, conversion, and other general GIS functionalities.  It  has 
built in functionality for watershed delineation, terrain layer comparison, and 
triangulation and gridding of 3D point data, contour generation from surface data, 
view shed analysis, distance and area calculations, raster blending, feathering, spectral 
analysis, elevation querying, line of sight calculations, cut-and-fill volume 
calculations, as well as advanced capabilities like image rectification (Global Mapper 
User’s Guide, 2015).  
In this study Global Mapper was used to quantify various morphometric features 
like relief, drainage network, area, etc. of the Goriganga watershed as well as the 
various sub-basins constituting it.  Global Mapper supports direct access to the free 
online data sources in the USGS Spatial Data Transfer Standard (SDTS) through the 
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software interface. For the present study, version 13.6 was used.  It runs on Microsoft 
Windows 7. 
MicroDEM:  In the present study MicroDEM was used to analyze slope and aspect.  
MicroDEM is a freeware microcomputer mapping program which requires a 32- or 
64-bit version of Windows.  MicroDEM is a program that works with digital elevation 
models (DEMs), and includes other non-DEM related features. It contains many 
interesting and useful tools and is particularly useful for its terrain visualization and 
analysis capabilities.  MicroDEM was created, and is still maintained and constantly 
upgraded, by Peter Guth, professor of Oceanography at the US Naval Academy. The 
main install program is updated every month or so, while new releases of both the 
executable and help file (with bug fixes and new features) come out somewhat more 
frequently, usually several times a week. 
MicroDEM displays and merges different kinds of data viz., digital elevation 
models, satellite imagery, scanned maps, vector map data, GIS databases (Guth, 
2007).  
Methods of Data Analysis 
Methods of Stream Delineation: Whereas it is easy to conceptualize and 
delineate drainage network and basin boundaries  from topographic maps, the 
approach is subjective, too labour intensive, time consuming and the results are not 
reproducible. On the other hand, a GIS based approach to drainage network mapping 
and basin boundary delineation using digital elevation models is rapid, yielding 
results that are accurate and replicable, making this approach the favoured method for 
basin morphometric studies. Terrain Analysis Using Digital Elevation Models 
(TauDEM), the plugin to ArcGIS used for deleniating stream networks and basin 
boundaries for this study, produces a series of additional grids representing various 
hydrologic characteristics of the landscape from DEMs of the study area. From these 
hydrological grids (detailed below) it delineates watershed boundaries by identifying 
all locations within the DEM that are uphill of the outlet point specified (Farooq et al., 
2015).  Watershed delineation using TauDEM is implemented through four major 
steps: filling 'pits' in the raw DEM, calculating the flow direction from each grid cell, 
determining the flow accumulation, stream grids, and drainage area for each cell, and 
delineating watershed boundaries by following a flow direction grid backward. Four 
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ASTER DEMS (ASTGTM_N290E079,  ASTGTM_N29E080, ASTGTM_N30E079 
and ASTGTM_N30E080) were tiled to get a complete coverage of the Goriganga 
basin. The data processing procedure for stream network and watershed delineation is 
detailed hereunder: 
1) To be able to delineate basin boundaries using a DEM, its surface must be 
hydrologically connected, that is, every DEM cell must flow into the next 
downstream cell until the fluid flows off the edge of the grid. This may not be 
possible if the DEM contains 'pits' or low elevation areas that are surrounded by 
higher terrain that obstructs a smooth flow. Pits may not always be naturally 
occurring, they may sometimes be simple artifacts of modeling an otherwise 
continuous slope. Pit fill is accomplished by simply raising the elevation of a cell 
identified as a pit to match its elevation with its uphill neighbour.  
2) The flow direction from each grid cell to its downhill neighbour is calculated from 
the pit filled DEM. This takes as input the hydrologically correct elevation grid 
and outputs the slope for each grid cell of the DEM (the D8 flow direction). The 
resulting grid is an encoding of the steepest descent direction from each grid cell 
using numbers 1 to 8 as per the following coding: 1 = East, 2 = North East, 3 = 
North, 4 = North West, 5 = West, 6 = South West, 7 = South and 8 = South East. 
This is the simplest model of the direction in which water would flow over the 
terrain. The flow direction is calculated by examining the eight neighbours 
surrounding the cell under consideration, and identifying the neighbour with the 
steepest downhill slope (Tarboton, 2005). This direction is coded as a value, and 
the process is repeated for each cell to create a new flow direction grid. 
3) This step involves the delineation of flow accumulation, stream grids, and 
drainage area.  Using the flow direction grid, the total number of uphill cells that 
flow to any given cell is determined. This summing is done for all cells within a 
DEM dataset to create a flow-accumulation grid in which each cell value 
represents the total number of upslope cells flowing into it. Since each cell of the 
DEM used for this analysis has a resolution of 30 m, it represents an area of 900 
m
2
. The flow accumulation grid is multiplied by this to calculate the total drainage 
area. In addition to this, a grid representing the stream network was created by 
querying the flow-accumulation grid for cell values above a certain threshold. For 
this study, different thresholds were used. For a very detailed stream delineation, a 
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threshold of 25 was used while for sub-basin delineation, a threshold of 5000 was 
used. The output in each case is a raster of (as yet unconnected) stream network 
which is connected as a shapefile in the next step. 
4) The hydrologic grids thus far generated were used to delineate watershed 
boundaries. All cells that drain through the pre-specified outlet, viz., the 
confluence of the Goriganga River with the Kali River, were identified by 
following the flow direction grid backwards. These were selected and converted to 
a polygon representing the basin boundary. The stream network grid was helpful 
for ensuring that the cell selected as the outlet was on the stream identified 
through modeling of the data, and not on an adjacent hill slope. 
Detailed step-by-step procedure for using TauDEM for stream network and watershed 
delineation has been provided by Tarboton and Ibrahim (2013) and can be accessed 
at: http://hydrology.usu.edu/taudem/taudem5/TauDEM51GettingStartedGuide.pdf 
Method of Image Classification: A false colour composite of the OLI image 
dataset displaying bands 5, 4 and 3 as RGB was used as a guide to classification. This 
image can be considered as an equivalent of a false color infrared photograph. Even in 
this simple three-band image, it was easy to see that there are areas which have 
similar spectral characteristics. Bright red areas in the image represent high infrared 
reflectance, usually corresponding to healthy vegetation. These are either areas under 
cultivation, or forested strips along rivers. Areas covered by native vegetation viz., 
coniferous trees in more rugged terrain, appear as slightly darker red patches. Several 
distinct land-cover classes like regolith, surface water and ice are also readily 
apparent.  
The cursor Location/Value option of ENVI was used to preview image values in 
the displayed spectral bands. The image was examined for data values at specific 
locations.  ENVI’s integrated spectral profiling capability was used to examine the 
spectral characteristics of different land cover types.  
A supervised classification approach was used to cluster pixels in the Landsat 
scene into five classes corresponding to pre-defined training areas viz., dense forest, 
sparse vegetation, regolith, ice and snow, and surface water.  This classification type 
required the selection of training areas for use as the basis for classification. ENVI 
provides various comparison methods to determine if a specific pixel qualifies as a 
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class member. It provides a broad range of supervised classification methods, 
including Parallelepiped, Minimum Distance, Mahalanobis Distance, Maximum 
Likelihood, Spectral Angle Mapper, Binary Encoding, and Neural Net (ENVI 
Tutorials, 2003).  For the present investigation the Maximum Likelihood method was 
used.  Training sets were selected using regions of interest (ROI) as described in the 
ENVI Tutorial.  ENVI allows defining regions of interest which are used to extract 
statistics for classification, masking and other operations.   
Maximum likelihood classification assumes that the statistics for each class in 
each band are normally distributed and calculates the probability that a given pixel 
belongs to a specific class. Unless a probability threshold is selected, all pixels are 
classified. Each pixel is assigned to the class that has the highest probability (i.e., the 
maximum likelihood) (Lein, 2012).  The classification was performed using the 
default parameters and various probability thresholds.  Image linking and dynamic 
overlay functionality of ENVI was used for comparison of classification results with 
the color composite image, and previous unsupervised and supervised classifications 
to arrive at optimized results.  
Classified images require post-processing to evaluate classification accuracy and 
to generalize classes for export to image maps and vector GIS (ENVI Tutorials, 
2003). There are a number of approaches to post-processing of classified images viz., 
classification of rule images; calculation of class statistics and confusion matrices; 
applying majority or minority analysis to classification images; clumping, sieving, 
and combining classes; overlaying classes on an image; calculating buffer zone 
images; calculating segmentation images; and to output classes to vector layers. In the 
present case, class statistics were extracted from the image used to produce the 
classification. Separate statistics were calculated for each class selected. 
ENVI’s confusion matrix function was used to compare the classified image and 
the RIOs.  Clump and Sieve functions were used to generalize the classified image. 
Sieve was run first to remove the isolated pixels based on a size (number of pixels) 
threshold, then clump was run to add spatial coherence to existing classes by 
combining adjacent similar classified areas.  The Overlay Classes function was used 
to overlay the classified image as a colour overlay over the 543 image to allow a 
visual inspection of classification results. Methodology for the present work is 
elaborated in the flow chart shown in Figure 4.1. 
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Chapter 5 
Results, Analysis & Discussion 
 
 
 
 
 
 
Morphotectonic analysis depends upon measurements of features like mountain 
fronts and stream channels, gradients of channel, ground surface of contributing areas, 
and the 3-D geometry of drainage basins. Morphotectonic analysis provides fast and 
accurate information for understanding tectonic processes. Although analysis of 
topographic features, as interpreted through topographic maps, has been applied in 
structural and tectonic studies for quite some time (Hobbs, 1912; Horton, 1932, 1945; 
Langbein, 1947; Smith, 1950; Miller, 1953; Chorley, 1957; Melton, 1958; Schumm, 
1956; Strahler, 1964; Prost, 1994; Keller and Pinter, 2002), the use of digital elevation 
models has only recently become an important tool in morphotectonic studies. 
Interpretation of geomorphic features in terms of understanding tectonics and 
geological structures is well-established. Digital elevation data has the ability to 
provide synoptic view of large areas and is very useful in analysing drainage 
morphometry. Interpreting morphometric characteristics in terms of tectonic 
processes is less time consuming than ground surveys. Coupled with limited field 
checks, morphometric data can yield valuable results. Morphometric analysis of 
drainage basins is also of great importance in understanding the hydrologic behaviour 
as well as hydrogeology and groundwater conditions of an area.  
For detailed morphotectonic analysis as described by Keller et al. (2000) and 
Keller and Pinter (2002), 32 sub-basins and detailed stream network within the 
Goriganga basin were delineated using the ASTER GDEM data as explained in detail 
in Chapter 4. The sub-basins, the trunk stream and the main streams of all sub-basins 
are shown in Figure 5.1. Twelve geomorphic indices, as listed in Table 5.1 were 
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considered for assessment of active tectonics on the basis of linear, aerial and relief 
characteristics of the sub-basins. The results obtained from these indices were classed 
into four categories and combined to yield a global estimator – the Index of Relative 
Active Tectonics (IRAT) which represents the distribution of relative tectonic activity 
in the study area. 
This approach is similar to the ones adopted for various tectonically active areas, 
such as the southwestern USA (Rockwell et al., 1985), the Pacific coast of Costa Rica 
(Wells et al., 1988), the Mediterranean coast of Spain (Silva et al., 2003), the 
southwestern Sierra Nevada of Spain (El Hamdouni et al., 2008), Beotia of Central 
Greece (Sboras et al., 2012), Hindu-Kush in Afghanistan (Mahmood and Gloaguen, 
2012) and Emilia-Romagna Apennines of Northern Italy (Siddiqui, 2014). The 
Goriganga catchment was divided into 32 sub-basins – the largest being Ralam 
(239.88 km
2
) while the smallest Gangola (6.66 km
2
).  The drainage patterns of the 
sub-basins are trellis and rectangular. The main channel of the watershed is an eighth 
order stream.  Streams of lower orders mostly dominate the basin.  It appears that the 
development of stream segments in the basin was largely influenced by local 
structure.  The shape parameters also reveal the elongation of the basin and sub-
basins.  Erosional processes appear to have been guided by lithology and geologic 
structure. The elongated shape of sub-basins is primarily due to thrusting and shearing 
in a NNE-SSW direction.   
In most previous studies (Bull and McFadden, 1977; Rockwell et al., 1985; Azor 
et al., 2002; Molin et al., 2004), relative tectonic activity is deciphered along a 
particular mountain front or a river. The purpose of this study is to assess the 
topographic development and quantify several geomorphic indices of relative active 
tectonics in order to produce a single index that can be used to characterize the 
variation in tectonic activity across the study area. For this purpose, I present the 
morphotectonic analysis of derived indices, followed by observations and discussion 
of field and other geomorphic and structural observations and analysis. The approach 
adopted in this study is to evaluate several indices over a watershed that extends over 
more than 2000 km
2
. Each of the evaluated indices have been arbitrarily divided into 
three classes, with class one representing the lowest activity and class three the 
highest. Boundaries of different classes change in accordance with the range of 
values. Admittedly, the chosen boundaries could have been rationalized, were the 
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rates of uplift and/or other indicators of active tectonics known. Unfortunately very 
few results of such studies are available. One such study by Rockwell et al. (1985) 
suggests that lower uplift rates of 0.4–0.5 m/ka are sufficient to keep Smf values down 
to 1.4 and Vf values down to 1, and therefore are indicative of active mountain fronts. 
We present an assessment of active tectonics based on: 
Mountain front sinuosity (Smf)  
Channel sinuosity (Cs)  
Form factor (Ff)  
Asymmetry factor (Af)  
Drainage density (Dd)  
Basin elongation ratio (Re)  
Length of overland flow (Lg)  
Basin Shape (Bs)   
Hypsometric integral (HI)  
Valley floor width-to-height ratio (Vf) 
Relief ratio (Rr)  
Stream-length gradient index (SL)  
An outline map of the Goriganga basin showing the various sub-basins, shaded 
relief, major drainage lines, major tectonic features, regional fold axes, and observed 
and inferred faults  is given in Figure 5.1. As can be seen in this map, the Goriganga 
Basin is segmented into three distinct tectonic domains by the Trans-Himadri Fault 
and the Vaikrita Thrust/MCT. The rectilinear, parallel arrangement of drainage gives 
some clue as to the possible existence of faults and fractures that may have guided 
and controlled the courses of streams. Most of the tributary streams of the Goriganga 
show anomalous, small amplitude sinuses in their courses, suggesting perturbations 
on account of recent displacements along fractures trending at high angles to their 
courses. Details of morphotectonic indices considered for the present study are 
summarized in Table 5.1 and the results of morphotectonic analysis are summarized 
in Table 5.2. 
 66 
 
Figure 5.1: IDs and names of the 32 sub-basins of the Goriganga, with major drainage, shaded 
relief, major tectonic features, regional fold axes, and observed and inferred faults. 
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Table 5.1:  Indices used for computation of morphotectonic parameters 
Aspects 
Morphometric 
parameters 
Formula Reference 
Linear 
Aspect 
Mountain Front 
Sinuosity (Smf) 
Smf = Lmf/Ls, where 
Lmf = Length of mountain front along 
mountain foot, Ls = Straight line length of 
mountain front 
Bull (1977) 
Channel Sinuosity 
(Cs) 
Cs = Sl/Vl, where 
Sl = Stream length, Vl = Valley length 
Mueller (1968) 
Form Factor (Ff) Ff = A/Lb², where  
A = Area of the basin (km
2
),  
Lb² = Square of basin length 
Horton (1932) 
Aerial 
Aspect 
Basin Asymmetry 
(Af) 
Af = 100 (Ar/At), where  
Ar = area to the right of the basin (looking 
downstream)  
At = Total area of basin 
Hare and 
Gardner (1985) 
Drainage Density 
(Dd) 
Dd = Lu/A, where  
Lu = Total stream length of all orders,  
A = Area of basin (km
2
) 
Horton (1932) 
Elongation Ratio 
(Re) 
Re = 2√(A/π)/Lb, where  
A = Area of the basin (km
2
) 
Lb = Basin length 
Schumm (1956) 
Length of Overland 
Flow (Lg) 
Lg = 1/Dd × 2, where  
Dd = Drainage Density 
Horton (1945) 
Basin Shape Index 
(Bs) 
Bs = Bl/Bw, where 
Bl = Length of basin from outlet to furthest 
point 
Bw = Width measured at the widest point 
Ramirez-Harrera 
(1998) 
Relief 
Aspect 
Hypsometric 
Integral (HI) 
HI = (ELmean - ELmin) / (ELmax - ELmin) 
where ELmean is the mean elevation, ELmin 
the minimum and ELmax the maximum 
elevation 
Strahler (1952) 
Valley Floor Width 
to Height Ratio 
(Vf) 
Vf = 2Vfw/ (Eld-Esc) + (Erd-Esc), where 
Vfw = width of valley floor, Eld and Erd = 
Elevation of left and right valley divides, Esc 
= Elevation of valley floor 
Bull & 
McFadden 
(1977) 
Relief Ratio (Rr) Rr = H/Lb, where  
H = Total relief of the  basin in kilometers 
Lb = Basin length 
Schumm (1956) 
 
Stream-length 
gradient index (SL) 
SL = Δh /Δl × L, where  
Δh = Difference in elevation of the ends of 
the reach, Δl = Length of reach, L = distance 
from the mid point of reach to the most 
distant point upstream 
Hack (1973) 
 
Mountain front sinuosity (Smf):  
A commonly used geomorphic measure of active tectonics is the Mountain Front 
Sinuosity index (Smf) developed by Bull (1977, 1978), which reflects the balance 
between the tendency of uplift and maintenance of a fairly straight mountain front on 
the one hand, and erosional processes tending to generate irregularities in the front 
over time, creating a sinuous topographic feature, on the other.  Mountain Front 
Sinuosity index is defined by: 
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Smf = 
   
  
 
Where Lmf is the planimetric length along the edge of the mountain-piedmont junction 
viz., the topographic break in the slope, and Ls is the straight-line length of the 
mountain front.  
The Smf index has been used to evaluate the relative tectonic activity along mountain 
fronts north and south of the Garlock Fault in California (Bull and McFadden, 1977), 
and in southeastern Spain (Silva et al., 2003). The degree of modification of tectonic 
structures by erosional processes has also been measured by the Mountain Front 
Sinuosity by Keller and Pinter (2002), Rockwell et al. (1985) and Wells et al. (1988).  
In tectonically active regions, uplift 
will prevail over erosional processes, 
carving straight mountain fronts with 
low values of Smf. Erosional processes 
in relatively stable areas will become 
dominant and result in sinuous fronts 
with high values of Smf. Keller (1986) 
proposed that values of Smf less than 1.4 
indicate tectonically active fronts while 
Bull (2007) opines that Smf values 
greater than 3 are associated with 
inactive fronts. Burbank and Anderson 
(2011) suggest that Smf indices close to 
1 are usually interpreted to characterize 
actively deforming mountain ranges, 
while values of 2 or more indicate an 
embayed range front with relatively 
little active faulting.   
The values of Smf index for each of the 32 sub-basins of the Goriganga were 
averaged from at least four measurements spread uniformly over the area under each 
sub-basin. All Smf values lie between 1.01 to 1.18 signifying that the entire basin is 
tectonically active.  However, in order to make a distinction between the relative 
tectonic activity of the sub-basins, the Smf values were divided into three classes: 
 
Figure 5.2: Variation in the mountain front 
sinuosity index (Smf) through the 32 sub-basins 
of the Goriganga. 
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Class1 (1.01 to 1.05), Class 2 (1.06 to 1.10) and Class 3 (1.11 to 1.18) as shown in 
Figure 5.2. 
Cannel sinuosity (Cs):  
Channel sinuosity (Cs) or sinuosity index is a dimensionless quantity derived by 
dividing the length of the actual course of a stream by the shortest path length 
between the two ends of the reach. The sinuous length is measured down the 
centerline of the channel. Sinuosity indices of rivers in mountainous areas are 
sensitive indicators of active tectonics.  Rivers seldom follow straight-line courses 
from source to mouth.   Deformation causes changes in slope which in turn produces 
changes in sinuosity of rivers.   A completely straight channel will have a sinuosity of 
1. Channel sinuosity values close to this are characteristic of teconically active 
regions. Channels with higher ratios 
are called meandering channels 
(Leopold et al., 1964) and are typical 
of tectonically stable areas.  
Sinuosity indices are used to 
understand the role of tectonism in the 
geomorphic evolution of an area, as 
also to assess the vulnerability in terms 
of earthquake and landslide hazards, 
since notwithstanding the degree or 
other conditions of slope, one major 
triggering factor of landslides is the 
tectonic instability of the area.  For 
assessing the relative tectonic activity 
in the study area, the channel sinuosity 
index as proposed by Mueller (1968) 
was used.  For calculating channel 
sinuosity index, the following formula 
was used: 
Cs = 
  
  
 
 
Figure 5.3: Variation in the channel sinuosity index 
(Cs) through the 32 sub-basins of the Goriganga. 
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where Cs is the channel sinuosity, Sl is the stream length, and Vl is the valley length.  
The sinuosity indices for the 32 sub-basins of the Goriganga range from 1.09 to 1.91. 
To make a distinction between the relative tectonic activity of the sub-basins, the Cs 
values were divided into three classes: Class1 (1.09 to 1.25), Class 2 (1.26 to 1.50) 
and Class 3 (1.51 to 1.91) as shown in Figure 5.3.  
Some stream reaches show anomalously high values of Cs. These anomalies are 
recognized to have resulted not from the normal uplift/erosion processes, but due to 
offsets of the reaches on account of displacements along transverse faults/shear zones. 
These have likewise not been considered for grading of the sub-basins for relative 
active tectonics. Whereas the high sinuosity of a river in plane areas may be attributed 
to very low angles of the ground slope, in hilly terrains the sinuosity of channels may 
be strongly enhanced by tectono-structural features. Schumm (1963) identified 5 
categories of channel sinuosity viz., straight course when channel sinuosity is 1.0, 
transitional course, regular course, irregular course and tortuous course (when channel 
sinuosity is more than 20). Values of channel sinuosity of 6
th
 and 7
th
 order streams in 
the Goriganga basin range from 1.03 to 1.91.   
Form Factor (Ff): 
Horton (1932) proposed the form factor (Ff) of a drainage basin as the ratio of the 
area of basin to the square of its length. For a perfectly circular basin, the value of Ff 
will always be 0.786.  Values of Ff lower than this are characteristic of elongated 
basins. This index is also used to predict the flow intensity of a basin of defined area. 
Form factor is expressed as: 
Ff = 
 
  
  
Where A is the area and Lb is the length of the basin. It can also be appreciated that 
smaller values of form factor will signify a more elongated watershed. The Ff index 
thus shows an inverse relationship with the square of the axial length and a direct 
relationship with peak discharge. Watersheds with high form factors have high peak 
flows of shorter duration, whereas elongated watershed with low form factors will be 
characterize by elongated shape and flow for longer duration but lower peak discharge 
(Gregory and Walling 1973). This may help in forecasting the flood potential of a 
basin. Abdideh et al. (2011) used the form factor to evaluate the relative tectonic 
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activity in the Central Zagros fold-thrust belt. They found low values of the form 
factor to be associated with areas of high tectonic activity, and conclude that this 
index is a particularly useful indicator of active tectonics. 
Form factors for the 32 sub-
basins of Goriganga range from 
0.24 to 0.72. To make a distinction 
between the relative tectonic 
activity of the sub-basins, the Ff 
values were divided into three 
classes: Class1 (0.57 to 0.72), Class 
2 (0.34 to 0.56) and Class 3 (0.24 to 
0.33) as shown in Figure 5.4. 
Asymmetry Factor (Af): 
Asymmetry factor or drainage 
basin asymmetry is an effective 
parameter for visualizing active tilt 
block tectonics in areas of both 
high and low seismic activity by 
visualizing neotectonic structures 
(Cox, 1994; Garrote et al., 2008). 
The asymmetry factor (Af) can 
detect tectonic tilting on drainage 
basin scales and is sensitive to tilting perpendicular to the direction of the trunk 
stream (Hare and Gardner, 1985; Keller and Pinter, 2002). Af is used to measure the 
degree of asymmetry of a drainage basin. It was developed to detect tectonic tilting at 
drainage basin or larger scale. It is an indicator of possible ground tilting due to 
inequilibrium between incision and uplift, and therefore indicates neotectonic activity.  
Basin asymmetry is estimated by: 
Af = 
      
  
 
where Ar is the area of the basin to the right of the trunk stream (as viewed in the 
downstream direction), and At is the total area of the drainage basin. For most 
networks that formed and continue to flow in a stable  setting  the  value  of  Af  
 
Figure 5.4: Form factor (Ff) of the 32 sub-basins of the 
Goriganga. 
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should  equal  to  ~ 50 (Keller and Pinter, 2002). The asymmetry factor is sensitive  to  
the  direction  of  asymmetry,  and  in  drainage basins  that  display  change  of  
direction  throughout  the river,  the  opposite  directions  will  compensate  each  
other giving lower values of Af (Baioni, 2007).  
In a stable tectonic environment or when the uplift is uniform throughout the region 
under consideration, the AF is 50, suggesting no tilt.  Values less than 50 are 
suggestive of a tilt towards the left, in a direction perpendicular to the main channel.  
The degree of asymmetry and the tilt directions of sub-basins of the Goriganga were 
translated into vectors which give the variation in the direction and amount of tilt over 
the study area (Figure 5.5).  As can be readily appreciated from the figure, the 
Goriganga basin, particularly the thrust-bound central sector is tilting in a westerly 
direction.   
Basin asymmetry is extremely 
useful to understand the 
relationships between possible 
ground tilting and causative factors. 
In the Himalaya, the main courses 
of most of the major rivers follow a 
south to north flow direction – 
perpendicular to the regional trend 
of the orogen. Any asymmetry of 
these river basins would indicate 
the growth of fold structures 
transverse to the main trend of the 
orogen. Recent studies by Thiede et 
al. (2004); Wobus et al. (2003); and 
Grujic et al. (2006) conducted in 
the foothills of the central sector of 
the Himalaya suggest that the 
current morphology most likely 
reflects a feedback between active 
tectonics, climate and erosion. 
Harrison et al. (1997) also opine that this is not a result of earlier tectonic processes. 
 
Figure 5.5: Asymmetry factors translated into tilt 
vectors, showing both the direction and degree of 
tilt (indicated in figures over each sub-basin).  
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Delacaillau et. al., (2005) used this index to estimate recent fold growth in the Janauri 
and Chandigarh anticlines in the Siwalik foothills.  
The degree of tilt of each of the sub-basins of the Goriganga was estimated by 
taking the differences between the asymmetry factors derived in the above manner 
and the horizontal (Af = 50). Values of tilt range from 1 to 46.  These were divided 
into three classes: Class1 (≤ 10), Class 2 (10 to 20) and Class 3 (≥ 20) as shown in 
Figure 5.5. 
Drainage Density (Dd): 
Drainage density (Dd), expressed as a ratio of the total channel length of streams 
of all orders in a basin to the basin area, was introduced as an important morphometric 
parameter by Horton (1932). Dd is an important indicator of the linear scale of 
landform  elements  in  fluvial  topography.  It indicates the closeness of spacing of  
channels, providing a quantitative 
measure of the average length of 
stream channel for the basin. It has 
been observed from drainage density 
measurements made over a wide 
range of geologic and climatic types, 
that a low drainage density is more 
likely to occur in regions of highly 
permeable subsoil material under 
dense vegetation cover and/or areas 
of low relief. High drainage density 
is the result of weak or impermeable 
subsurface material, sparse 
vegetation and high relief. High 
drainage density gives rise to a fine 
drainage texture, while low drainage 
density results in a coarse texture 
(Strahler, 1964). 
In highly permeable terrain, 
with small potential for runoff, drainage densities are sometimes less than 1 km/km
2
. 
 
Figure 5.6: Variation in drainage density (Dd) of the 
32 sub-basins of the Goriganga. 
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In highly dissected surfaces, densities of over 500 km/km
2 
are often reported. Closer 
investigations of the processes responsible for drainage density variation have 
revealed that a number of factors viz., climate, topography, soil infiltration capacity, 
vegetation, and geology collectively influence stream density (Pidwirny, 2006). 
According  to  Nag  (1998),  low  drainage  density  is generally  characteristic of 
areas  of  highly  resistant  or  permeable subsoil  material,  dense  vegetation  and  
low  relief.   
Drainage density of a basin also affects its hydrologic response to rainfall events, 
and thus the shape of its stream's hydrograph during a rain storm. Langbein (1947) 
recognized the significance of Dd as a factor determining the time of travel by water 
to the outlet of a basin. Basins with high drainage density often have a relatively rapid 
hydrologic response and a hydrograph with a steep recession (or falling) limb, while a 
low drainage density means a slow hydrologic response. High drainage densities 
indicate a greater flood risk. Thus the measurement of drainage density provides the 
hydrologist or geomorphologist with a useful numerical measure of landscape 
dissection and runoff potential. 
Drainage density varies inversely as the length of overland flow, and thus to the 
rate of infiltration.  In other words, a river basin in which the floor consists of 
permeable rocks tends to have fewer streams per unit area than one floored with 
impermeable rocks.  In hilly terrain, drainage is controlled by faults, fractures, thrusts 
and other lineaments within a basin.  
Drainage density in the Goriganga varies from 2.64 to 5.95 km/km
2
. These 
values were divided into three classes: Class1 (2.64 to 3.45), Class 2 (3.46 to 4.17) 
and Class 3 (4.18 to 5.95) as shown in Figure 5.6. 
Basin elongation ratio (Re): 
Basin elongation ratio (Re) describes the degree of stretching of a drainage basin 
with respect to its area. It is defined by the ratio of the diameter of a circle of the same 
area as the basin to the maximum length of the basin (Schumm, 1956). It is derived by 
the following formula: 
   
 √   
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Where A is the area of the basin and Lb is the maximum length of the basin parallel to 
the principal stream. Re values range between 1 for a circle to 0 for a straight line. 
Strahler (1964) states that basin elongation ratios run between 0.6 and 1.0 over a wide  
variety of climatic and geologic 
types. Values close to 1.0 are typical 
of regions of very low relief, 
whereas values of 0.6-0.8 are usually 
associated with high relief and steep 
ground slope.  
Re is a significant measure 
because it not only represents the 
tectonic status, but also the hydraulic 
parameters, which are often utilized 
in watershed management 
approaches and land use planning 
(Jane, 2008). Re is also essential for 
calculating a number of hydraulic 
coefficients for engineering and 
hydrologic practices. Basin 
elongation directly impacts the 
arrival time at the basin outlet and 
the amount of peak discharge. Peak 
discharge for a circular basin will arrive sooner than that of an elongate basin of the 
same area because the tributary network in a circular basin is more compactly 
organized and tributary flows enter the mainstream at roughly the same time, thus 
more runoff is delivered to the outlet simultaneously and rapidly (shorter duration, 
higher flood peak) (Cooley, 2014). A circular basin is more efficient in the discharge 
of run-off than an elongated basin (Singh and Singh, 1997). In tectonically active 
regions, basin elongation is also indicative of regional stress direction.  
In the Goriganga basin, a higher rate of uplift is indicated in the sub-basins on the 
left or eastern part of the basin than in the western part. These values indicate that the 
eastern part of the Goriganga basin is associated with high relief and steep ground 
slopes. Ramaiah et al. (2012) utilized the basin elongation ratio to draw significant 
 
Figure 5.7: Basin elongation ratios (Re) in the 
Goriganga valley indicate a higher rate of uplift 
along the eastern part. 
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conclusions regarding the relief and steepness of ground slope in the Kolar district of 
Karnataka on the basis of basin elongation ratios.  
The elongation ratios of the sub basins of the Goriganga range from 0.55 to 0.96. 
The Re values are grouped into three classes: Class 1 (0.86 to 0.96), Class 2 (0.66 to 
0.85) and Class 3 (0.55 to 0.65). Nine sub-basins of the Goriganga have elongation 
ratios of 0.65 or less, and are therefore classed as highly active (Figure 5.7).  
Length of Overland Flow (Lg): 
Surface runoff follows a system of flow paths downslope from the drainage 
divide to the nearest channel. The length of overland flow (Lg) describes the distance 
of flow of water over the ground before entering definite stream channels (Horton, 
1945). Length of overland flow is estimated by: 
Lg = 
 
   
 
where Dd is the drainage density. The 
length of overland flow approximately 
equals half the average distance 
between stream channels and is 
therefore nearly half the drainage 
density (Dd). Thus it provides some 
measure of the drainage efficiency of a 
drainage basin. Smaller values of 
overland flow mean that the surface 
runoff will enter streams more quickly. 
It reflects the concentration or stream 
frequency of an area and is directly 
related to the rate of infiltration.  A 
river basin in which the floor consists 
of permeable rocks tends to have fewer 
streams per unit area than one floored 
with impermeable rocks.  In fact, Lg is 
largely controlled and affected by the 
degree of slope, geological conditions 
 
Figure 5.8: Variation in the length of overland flow 
(Lg) through the 32 sub-basins of the Goriganga. 
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of lithology and structure, soil characteristics, vegetation cover, rainfall intensity and 
infiltration capacity (Ghosh, 2011). The shapes of the drainage basins and their 
drainage densities also influence stream-flow conditions. Lg basically relates inversely 
to the average slope of the channel and is synonymous with the length of sheet flow. 
Although the length of overland flow does not directly reflect the active tectonic 
status of a drainage basin, it can nevertheless serve as a proxy indicator of active 
tectonics, in that, smaller values of Lg are indicative of steeper gradients and therefore 
of a greater degree of tectonic turbulence. 
Length of overland flow for the Goriganga basin varies from 0.08 to 0.19. These 
values were divided into three classes: Class1 (0.16 to 0.19), Class 2 (0.12 to 0.15) 
and Class 3 (0.08 to 0.11) as shown in Figure 5.8. It can be readily appreciated that 
the sub-basins of the northern half of the Goriganga are somewhat more tectonically 
active than those of the southern half, as indicated by the Lg index. 
Basin Shape Index (Bs) 
The Basin Shape Index is another criterion for identifying relatively young drainage  
basins in tectonically active areas.  
Young basins are elongated along 
topographic slopes or young, active 
faults.  With time and tectonic stability, 
the elongated basins are transformed 
into circular ones (Bull and McFadden, 
1977). In tectonically active areas, the 
energy of a stream is directed primarily 
towards incision of its channel in 
response to continuing rapid uplift. 
Cessation of uplift results in widening 
of the basins upstream from the 
mountain fronts leading to the 
development of the basin along its 
width.  
The Basin Shape Index (Bs) is 
given by Ramırez-Herrera (1998) as: 
 
Figure 5.9:  Method of computation of Bl and Bw by 
drawing minimum bounding boxes around each 
sub-basin of the Goriganga. 
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Bs = 
  
  
 
where Bl is the length of a basin measured from the outlet to the furthest point in the 
basin, and Bw is the width measured at the widest point of the basin. However, these 
measurements are subjective and therefore not repeatable. A better method, which 
gives consistent results, was found by taking the ratio of the length and width of the 
minimum bounding box of each sub-basin (Figure 5.9), which was drawn using 
ASTER DEM and the Minimum Bounding Geometry Tool of ArcMap. Results of 
both the methods were found to be 
comparable. 
High values of Bs are associated 
with elongated basins and therefore 
with relatively higher tectonic 
activity. Low values indicate a 
circular-shaped basin and low 
tectonic activity. For the sub-basins 
of the Goriganga, Bs values range 
from 1.01 to 2.76. These values are 
grouped into three classes: Class 1 
(1.01 to 1.32), Class 2 (1.33 to 1.81) 
and Class 3 (1.82 to 2.76). Sub-
basins falling under Class 1 are 
nearly circular and therefore indicate 
little tectonic activity, while those 
belonging to Class 3 signify a high 
degree of tectonic activity (Figure 
5.10).  
Hypsometric integral (HI): 
Hypsometry, or the area-altitude analysis, first described by Strahler (1952) as a 
measure of the erosional state or geomorphic age of a drainage basin, relates the 
horizontal cross sectional area of a drainage basin to the relative elevation above the 
basin mouth. The hypsometric integral expresses the volume of the basin that lies 
above the lowest point in the basin, and thus has not been eroded.  The integral 
 
Figure 5.10:  Variation in the basin shape Index (Bs) of 
the 32 sub-basins of the Goriganga. 
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explains the distribution of elevation of a given area of the landscape, particularly a 
drainage basin. It is defined as: 
HI = 
(               ) 
(              )
 
Where ELmean is the mean elevation, ELmin the minimum and ELmax the maximum 
elevation within the drainage basin as extracted from a DEM.  
For morphometric studies, the 
hypsometric integral is appealing 
because it is a dimensionless parameter 
and therefore allows different 
catchments to be compared irrespective 
of scale. Low values are interpreted by 
Strahler to represent old eroded 
landscapes in the late stages of 
geomorphic evolution, and high values 
as young, less eroded landscapes where 
the surface processes of denudation are 
not keeping pace with the uplift – much 
of the volume of rock in the basin is 
still to be removed (Dowling et al, 
1998). In theory, hypsometric values 
range from 0 to 1. The use of 
hypsometric analysis has been 
restricted in the past because of the 
intensive computation required. 
However, with the availability of digital elevation data and advances in computing 
and GIS technology, hypsometry is worth investigating as a means of objectively 
quantifying catchment characteristics (Dowling et al., 1998). 
Hypsometric integrals calculated for all the 32 sub-basins of the Goriganga 
watershed have values ranging from 0.26 to 0.57.  HI values are grouped into three 
classes: Class 1 (< 0.30) indicating low rates of uplift and tectonic activity; Class 2 
(0.30 to 0.45) indicating moderate rate of uplift and Class 3 (> 0.45), indicating a high 
rate of uplift. Sub-basins on the left (eastern) slopes of the Goriganga valley show the 
 
Figure 5.11: Variation in the hypsometric integral 
values (HI) for the 32 sub-basins of the 
Goriganga. 
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maximum values of HI suggesting a more youthful topography as compared to the 
western sub-basins (Figure 5.11). 
On the basis of the distribution pattern of HI values, it may be suggested that the 
left bank of the Goriganga River is more active tectonically than the right bank. It 
may also be appreciated that the Kali River, of which the Goriganga is an important 
right bank tributary, flows along a linear tract of rapid erosion, promoting the 
formation of an anticlinal structure with its axis transverse to the main trend of the 
Himalaya (Montgomery and Stolar, 2006). High values of HI along the eastern bank 
of the Goriganga lend credence to the proposition that areas of relatively high rates of 
active tectonics in the Himalaya are associated with courses of trans-Himalayan rivers 
predating the Himalayan orogeny (Farooq et al., 2015). 
Valley floor width to height ratio (Vf): 
Valley floor width to height ratio (Vf) was used as a geomorphic index of active 
tectonics by Bull and McFadden (1977) to make a distinction between narrow, deep 
valleys characteristic of rapidly uplifting areas and open, broad valleys in areas of 
relative tectonic stability. The Vf index reflects the differences between the V-shaped 
valleys occupied by streams incising their bedrocks in response to active uplift, and 
U-shaped, broad-floored valleys with mainly lateral erosion into adjacent hillslopes in 
response to relative base-level stability or tectonic quiescence (Silva et al., 2003). 
This index therefore uses one vertical and one horizontal dimension at a given section 
across the stream in the erosional system.  The Vf index is calculated by the equation: 
Vf = 
     
(         ) (          )
 
Where Vfw is the width of valley floor and Esc is elevation of valley floor. Erd and Eld 
are the elevations of right and left valley divides respectively. Figure 5.12 shows 
details of the procedure of making the necessary measurements. 
Since valleys of tributary streams generally tend to become narrow in an upstream 
direction (Ramírez-Herrera, 1998), Vf is usually calculated at a certain distance 
upstream from the mountain front, usually 2 to 4 km (Silva et al., 2003). For this 
study however, a number of cross sections drawn from the DEM, as demonstrated in 
Figure 5.12, were considered in each of the sub-basins, upstream from the trunk 
stream. The number of measurements and the spacing between them varied with the 
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size of the sub-basin.  Vf for each sub-basin was computed from the mean of a 
number of readings in each sub-basin and the values were found to vary from 0.08 to 
0.50 for the entire Goriganga basin. Vf was classified into three classes: Class 1 (0.08 
to 0.19), Class 2 (0.20 to 0.30) and Class 3 (0.31 to 0.50). 
Sub-basins falling under Class 1 
have broad U-shaped valleys 
indicating topographic maturity, and 
therefore little tectonic activity, while 
those belonging to Class 3 are 
occupied by rivers flowing in narrow, 
steep sided valleys, signifying a high 
degree of tectonic activity. As can be 
seen in Figure 5.13, the Vf indices of 
all sub-basins in the Goriganga basin 
are less than 1.0, indicating a generally 
high level of tectonic activity. 
However, on the basis of the Vf index, 
the central and southern parts of the 
basin have a somewhat higher rate of 
uplift as compared to the northern part.  
  
 
Figure 5.12: Method of measuring Vf.. Profiles along which Eld Erd and Esc are measured are carefully 
chosen, such that these are perpendicular to the length of the valleys.  
 
Figure 5.13: Valley Floor Width to Height Ratios 
(Vf) of the sub-basins of the Goriganga. 
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Relief Ratio (Rr): 
Relief ratio (Rr) is a simple statistical approach to characterizing drainage basins. 
This index was devised and applied by Schumm (1956), and is defined as the ratio 
between total basin relief (viz., the difference in elevation of basin outlet and the 
highest point along the drainage divide) and basin length (the longest dimension of 
the drainage basin). It is a dimensionless number which readily correlates with other 
measures that do not depend on the dimensions of the drainage basin. Relief ratio is 
simple to compute and can often be obtained where detailed information on 
topography is lacking. In general, the relief ratio indicates the average drop in 
elevation per unit length of the basin, or the overall slope of the watershed surface. 
Relief ratio is given by: 
Rr = 
 
  
 
where Rr is the relief ratio, H is the 
basin relief defined by the difference 
in maximum and minimum elevations, 
and Lb is the longest dimension of the 
drainage basin.  
It is observed that high values of 
relief ratio indicate steep slope and 
high relief, while lower values may 
indicate the presence of basement 
rocks that are in the form of small 
ridges and mounds with lower degree 
of slope. Low relief ratios generally 
indicate less resistant rocks (Sudheer, 
1986; Sreedevi, 1999). On the basis of 
mean annual sediment loss as a 
function of the relief ratio for a variety 
of small drainage basins in the 
Colorado Plateau province, Schumm 
(1956) suggested that relief ratio may 
prove useful in estimating sediment yield if appropriate parameters for a given 
 
Figure 5.14: Variation of Relief ratios (Rr) for the 32 
sub-basins of the Goriganga.  
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climatic condition are once established. Relief ratio, in so far as it bears a direct 
relationship with ground slope, is an indicator of active tectonics. Higher values of 
relief ratio indicate a higher degree of tectonic activity. 
Relief ratios for the sub-basins of Goriganga range between 0.11 and 0.52. These 
values were grouped into three classes: Class 1 (0.11 to 0.24), Class 2 (0.25 to 0.38) 
and Class 3 (0.39 to 0.52). Relief ratios of the sub-basins of the Goriganga are shown 
in Figure 5.14. 
Stream Length Gradient Index (SL): 
Topography of the land surface results due to differential erosion as streams and 
rivers carve rocks and soils of variable strength (Hack, 1973). The processes of 
erosion and uplift reach a 
dynamic equilibrium as the rate 
of uplift is compensated by  
the rate of erosion, and river 
systems display a slightly 
concave longitudinal profile 
(Schumm et al., 2002), which is 
considered indicative of crustal 
stability. Deviations from this 
stable profile may result from 
tectonic disturbances, lithological 
and/or climatic factors (Hack, 
1973). The stream-length 
gradient index (SL) was defined 
by Hack (1973) as an indicator of 
environmental variables on 
longitudinal profiles of rivers, 
and to judge whether streams 
have attained equilibrium or not. 
Stream-length gradient index is 
defined by:  
SL =  (
   
  
)  
 
Figure 5.15: Variation of stream-length gradient index 
for the 32 sub-basins of the Goriganga. 
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where SL is the stream-length gradient index, ΔH is the change in elevation of the 
channel reach under investigation, ΔL is the length of the reach and L is the total 
planimetric length from midpoint of the reach to the highest point on the channel 
(Mahmood and Gloaguen, 2012). 
The SL index is used to assess relative tectonic activity (Keller and Pinter, 2002). 
Although high values of SL indicate recent tectonic activity, anomalously low values 
may also be associated with tectonic activity when streams and rivers flow along 
strike-slip faults (Keller and Pinter, 2002). For this investigation, standardized 
average values of SL were computed for all streams occupying the 32 sub-basins.  SL 
values were averaged from 1 to 5 reaches, depending upon the length of the stream. 
The length of the reach ranged from 500 m to 4 km. 
Values of SL for the Goriganga range from 18 to 4737.  These values were 
classified into three classes: Class 1 (18 to 690), Class 2 (691 to 2750) and Class 3 
(2751 to 4737). Results of SL classification are shown in Figure 5.15. It can be 
appreciated that the east-central part of the left bank of the Goriganga, as also the 
southern part are tectonically more active as compared to the rest of the basin areas. 
 
Spatial Distribution of Geomorphic Indices 
Burbank and Anderson (2012) suggest that mountain front sinuosity indices (Smf) 
close to 1 are usually indicative of actively deforming mountain ranges. As can be 
appreciated from Figure 5.2, all values of Smf for different sub-basins of the 
Goriganga lie below 1.18, indicating a high degree of active tectonics in the region.  
Distinction may however still be made on the basis of this index, between the relative 
tectonic activities in different parts of the basin. Sub-basins in the central part of the 
left bank of the Goriganga are indicated to be the most active. Lowest values of Smf 
are obtained along the trunk stream. 
Channel sinuosity (Cs), another indicator of active tectonics, shows a good ability 
to make a distinction between the relative active tectonics within the Goriganga basin. 
Although the overall sinuosity index of the trunk channel (1.2) is indicative of a 
tectonically active basin, for some reaches this index increases to 2.0, as for instance 
in the Bogdiyar sub-basin (# 17, Figure 5.1) where the river acquires a wide sinuous 
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channel. This value is considered anomalous and has been demonstrated to be the 
effect of channel offsets due to active faulting by many workers (Bakliwal and 
Sharma, 1980; Ramasamy et al., 1991; Ramasamy, 2005). For this reason it has been 
excluded from our assessment of relative tectonic activity on the basis of channel 
sinuosity. The anomalously high sinuosity in this reach is envisioned as being the 
result of a hitherto unreported major NE-SW trending left lateral fault which shifted 
the course of the Goriganga. All lower order streams, as also other reaches of the 
trunk stream have very low values of sinuosity indicating a moderately high degree of 
tectonic activity throughout the basin. Cs values indicate a higher degree of tectonic 
disturbance in the southern, east-central and northwestern parts of the Goriganga. 
Form factor (Ff) – the ratio of the area of basin to the square of its length – is an 
important index which brings out the distinction between the relative tectonic 
activities of spatially related drainage basins. The sub-basins in the east-central, and 
north-western parts of the Goriganga reveal a high degree of tectonic activity on the 
basis of form factor. The Kholiagaon sub-basin (# 31) lying in the extreme south also 
shows a high degree of activity as revealed by Ff (Figure 5.4). This may be attributed 
to the active folding, as can be visualized from the fact that at least half-a-dozen large-
scale fold axes, running parallel to the long direction of this sub-basin have been 
mapped by previous workers (Refer to Figures 3.2 and 5.1). 
Asymmetry factor (Af) values, as can be seen from Figure 5.5, are unambiguous 
in revealing the degree of relative active tectonics in the study area.  Af is an effective 
parameter which allows visualization of active tilt block tectonics in the area. As 
suggested by Hare and Gardner (1985) and Keller and Pinter (2002), the asymmetry 
factor indicates tectonic tilting perpendicular to the direction of the main stream of the 
concerned basin. Tilt vectors are depicted in Figure 5.5.  It can be seen that the 
general trend of tilt as seen in all sub-basins is towards west/northwest. This is in 
conformity with the observations of Montgomery and Stolar (2006) who visualize a 
rapid uplift along the axis of the Kali River (in response to the active formation of a 
river anticline), aligned along a NE-SW direction and located towards east of the 
Goriganga.  
Although drainage density (Dd) is not generally considered an indicator of active 
tectonics, it nevertheless reveals the frequency of occurrence of stream channels per 
unit area, and thus varies in direct relationship with the degree of ground slope.  As 
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such, drainage density may be used as a proxy indicator of active tectonics. Han et al. 
(2003) suggest that belts of high-drainage density are spatially coincident with 
seismotectonic zones and overlie concealed active faults in northern China. Drainage 
density variations within the Goriganga basin (Figure 5.6) indicate that the east-
central and north-western parts of the basin have the highest drainage density, and 
therefore the steepest slopes. They may be taken to be more active tectonically as 
compared to the rest of the areas. 
Basin elongation ratio (Re) is one of the main aerial properties of drainage basins 
which reveal their tectonic status. Drainage basins in tectonically active areas tend to 
be elongated, and in fact aligned along linear tectonic features like thrusts, faults, 
fractures or topographic lineaments. With the waning of tectonic activity and 
continued topographic evolution, elongated basins are transformed into circular ones 
(Bull and McFadden, 1977). Value of Re approaches 1.0 as the shape of a basin 
approaches a circle. Basins in regions of low relief and tectonic quiescence have Re 
values close to 1.0. Re values are between 0.6 and 0.8 for regions of strong relief and 
steep ground slope. The most elongated sub-basins, indicating a high degree of 
tectonic activity in the Goriganga lie along the east-central and north-western parts, 
with a lone sub-basin (Kholiagaon, # 31) in the extreme south (Figure 5.7). The high 
tectonic activity indicated for this sub-basin may be visualized as being on account of 
active folding as discussed under form factor above.  
Low values of the length of overland flow (Lg) in the northern half of the 
Goriganga basin indicate a high drainage density and steeper slopes. These are 
indicative of a higher degree of tectonic activity in the northern part of the Goriganga 
basin as compared to the southern part (Figure 5.8). The highest values of Lg in the 
Kotalgaon, Seraghat and Jauljibi sub-basins in the southern part of the Goriganga 
Basin indicate that these sub-basins have the lowest drainage density and therefore 
relatively gentler slopes. 
Basin shape index (Bs) is one of the most important criteria for recognizing 
relatively young drainage basins, and therefore active tectonics. Young drainage 
basins are elongated along active faults and shear zones or active mountain fronts. As 
can be seen from Figure 5.1, which shows both the sub-basin outlines as well as 
shaded relief, most of the sub-basins of the Goriganga in the central and northern part 
are elongated along a NE-SW direction. This underscores not only the fact that these 
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are young, active basins, but also that the active geological structures 
(faults/shears/fold-axes/joints) which control them are aligned in a NE-SW direction. 
In the extreme south, the Kholiagaon sub-basin seems to be under the influence of 
NW-SE trending faults and fold axes. Basin shape index values for the Goriganga 
indicate that the east-central, north-western and southern parts of the basin are more 
active tectonically as compared to the rest of the areas (Figure 5.10). 
The hypsometric integral (HI) is an index which explains the distribution of 
elevation of a given area – quite often a drainage basin. The index is defined as the 
area below the hypsometric curve which is derived by plotting the relative basin area 
against relative height. It thus expresses the volume of a basin that has not been 
eroded (Strahler, 1952). The hypsometric integral derived for a particular drainage 
basin is an index that is independent of basin area. Values of HI range from 0 to 1. 
High values of HI generally mean that not much of the uplands have been eroded, and 
may therefore indicate a younger landscape, possibly produced by continuing tectonic 
uplift. High HI values may however, result from recent incision into a young 
geomorphic features formed by deposition, but in the Goriganga Basin, depositional 
landforms are seldom found.  
The hypsometric integrals for all the sub-basins of the Goriganga range from 
0.26 to 0.57. These have been divided into three classes: Class 1 (0.26 to 0.30), Class 
2 (0.30 to 0.45) and Class 3 (0.45 to 0.57). Figure 5.11 shows the variation in relative 
tectonic activity as reflected by the HI. In the analysis of HI values in the Goriganga 
basin, it is supposed that high values if HI are related to uplift along young, active 
faults and low values relate to older landscapes that have been more eroded and less 
impacted by recent tectonic activity. 
Valley floor width-to-height ratio (Vf) is a geomorphic index conceived to 
discriminate between V-shaped and U-shaped, flat-floored valleys (Bull and 
McFadden, 1977). Because rapid uplift is associated with deep incision and formation 
of V-shaped valleys, the index is thought to be a proxy for active tectonics, where low 
values of Vf are associated with higher rates of uplift and deeper incision. Deep V-
shaped valleys are also associated with straight streams following young, active faults 
distinctive of areas subjected to active uplift, while flat-floored (U-shaped) valleys 
show an attainment of the base level of erosion mainly in response to relative tectonic 
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quiescence (e.g., Keller, 1986; Keller and Pinter, 2002; Mahmood and Gloaguen, 
2012). 
The Vf was calculated for each of the sub-basins of the Goriganga and values 
were found to range from 0.09 to 0.50. These were grouped into three classes: Class 1 
(0.08 to 0.19); Class 2 (0.20 to 0.30) and Class 3 (0.31 to 0.50). It can be seen from 
Figure 5.13 that sub-basins in the central and southern part of the Goriganga basin are 
experiencing a higher rate of uplift as compared to the northern parts.  
Relief ratio (Rr) is a non-dimensional characteristic calculated as a ratio between 
relief energy (R) and the length of the basin (L). Its value increases while the length 
of the basin decreases and the relief energy grows. As can be seen from Figure 5.14, 
sub-basins with the highest relief ratios are the smallest in size and lie close to the 
trunk stream of the Goriganga basin. This may be on account of the high degree of 
erosive power of the Goriganga River as compared to any of its tributaries. The 
average value of relief ratio in the study area is 0.29 with the range of 0.11 to 0.52. 
Schumm (2005) concludes that sediment yield from small drainage basins depends 
upon relief ratios, as also upon the degree of rock resistance to erosion and rock 
permeability. Calibrating, as it does, the catchment relief against the catchment 
length, the relief ratio gives a clearer picture of the relative height over which water 
drops and the distance it travels. It provides a measure of the average drop in 
elevation per unit length of stream (Fryiris and Brierley, 2013). 
Stream length-gradient index (SL) has been demonstrated to be a suitable index 
for identifying active tectonics on the basis of anomalies in stream profiles over 
homogeneous lithologies (Hack, 1973; Burbank and Anderson, 2001). Studies 
conducted by Troiani and Seta (2008) in the Central Apennines confirm that the SL 
index is a valid tool to detect the long wavelength structural effects on topography as 
well as the incipient local response to regional uplift that often goes undetected by 
other morphotectonic parameters. Since the SL index is sensitive to changes in 
channel slope, it is a practical tool for measuring perturbations along stream 
longitudinal profiles (Burbank and Anderson, 2011). It is known that a good 
relationship exists between rock resistance and SL Index. It may thus be used to 
detect recent tectonic activity by identifying anomalously high index values on a 
specific rock type (Merritts and Vincent, 1989; Brookfield, 1998; Keller and Pinter, 
2002; Chen et al., 2003; Zovoili et al., 2004). Furthermore, the SL Index correlates 
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with stream power (Hack, 1973). An important hydraulic variable is the total stream 
power available at a particular channel reach, since it relates to the capability of a 
stream to transport sediments and to erode its bed. Galve et al. (2014) suggest that the 
SL index can be a helpful tool for detecting landslides that reached streambeds, and 
whose magnitude and activity was strong enough to produce stream perturbations. 
In the Goriganga basin, the SL Index values range between 18 and 7437. In the 
SL Index map (Figure 5.15) the values are grouped in 3 classes: Class 1 (18 to 690); 
Class 2 (691 to 2750) and Class 3 (2751 to 4737). Values of class 3, which represent 
the highest degree of tectonic activity, are obtained in east-central (sub-basins 17 and  
18), west-central (sub-basins 15, 19, 20, 24 and 27) and southern (sub-basins 30, 31 
and 32).  
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Index of Relative Active Tectonics (IRAT) 
Assessing active tectonics on the basis of a single index as indicator of active 
tectonics is likely to be ambiguous and ambivalent. Applying combinations of a 
number of indices is more likely to provide a better assessment of the tectonic status 
of a region (Dowling et al., 1998). A number of workers have used combinations of 
several indices to provide reliable semi-quantitative assessments of the relative degree 
of active tectonics in mountainous regions (Bull and McFadden, 1977; Silva et al., 
2003; El Hamdouni et al., 2008; Khavari, 2010; Mahmood and Gloaguen, 2012). 
Most studies undertaken for evaluation of relative active tectonics on the basis of 
morphotectonic indices (for example Bull and McFadden, 1977; Rockwell et al., 
1985; Azor et al., 2002; Silva  et al., 2003; El Hamdouni et al., 2008; Abdideh et. al., 
2011) focused on small areas and just a few indices. This investigation evaluates 
relative active tectonics in a relatively large area (2242 km
2
) demarcated into 32 sub-
basins using a dozen morphotectonic indices. Following the approach of Mahmood et 
al. (2009) and Mahmood and Gloaguen (2012), the average of the values of twelve 
computed indices was combined to yield the Index of Relative Active Tectonics 
(IRAT) which was used to make a quantitative assessment of the spatial distribution 
of relative tectonic activity in the Goriganga basin. The values of IRAT were grouped 
into four classes to define the degree of relative tectonic activity. Class 1 of IRAT is 
low tectonic activity (1.58 to 1.85), Class 2 is moderate tectonic activity (1.86 to 
2.10), Class 3 is high tectonic activity (2.11 to 2.30), and Class 4 is very high tectonic 
activity (2.31 to 2.67). The averages of the various indices of active tectonics 
considered for this study are summarized in Table 5.2 for the 32 sub-basins of the 
Goriganga. (see Figure 5.1 for location of the sub-basins). 
Eleven of the 32 sub-basins of the Goriganga belong to IRAT class 4, ten to class 
3, six to class 2 and five to class 1. Distribution of the four IRAT classes is shown in 
(Figure 5.16). About 12% of the study area (262 km
2
) belongs to class 1; 18% (404 
km2) to class 2; 29% (659 km
2
) to class 3; and 41% (918 km
2
) to class 4. As can be 
readily seen in Figure 5.16, IRAT tends to be very high along the central part of the 
Goriganga basin, where five of the sub-basins with the highest values of IRAT are not 
only elongated in a NE-SW direction, but are also lined up in this direction.  
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Figure 5.16: Distribution of index of relative active tectonics (IRAT) in the Goriganga 
Basin. Major thrusts and faults, fold-axes and drainage lines are superimposed in 
order to visualize the relationship of relative active tectonics with these features. 
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Incidentally, this is also the trend of a prominent zone of seismicity as defined by 
earthquake epicenters of the last fifty years (Chapter 2, Figure 2.1), and major 
transverse faults in the Kumaon Himalaya which are believed to be an extension of 
the Aravalli trend of the peninsular India into the Himalaya (Fuloria, 1969; Sastri et 
al., 1971; Valdiya, 1976) (See Chapter 3). That the central portion of the Goriganga 
valley is tectonically very active, is also borne by the fact that here the Goriganga 
river undergoes a major deflection of about 2.5 km from its almost straight course 
from the headwaters to the outlet – a distance of 100 km. This offset can be visualized 
to be the consequence of the left-lateral, strike-slip movement along a hitherto 
unreported major fault cutting across the Goriganga basin in a NE-SW direction. This 
deduction is also lent support by the distribution of recent earthquake epicenters, 
which define a NE-SW trending seismic zone cutting across the Goriganga basin 
(Figure 2.1). Additional evidence comes in the form of occurrence of fault gouge and 
breccias observed in a number of places in the Goriganga Basin, as reported in the 
next chapter of this dissertation. This zone of very high tectonic activity in the 
Goriganga basin is also one through which all the three major thrusts viz., the Trans-
Himadri Fault, the Vaikrita Thrust and the Main Central Thrust are intersected by the 
transverse faults as visualized by the presence of the zone of high seismicity.  
A number of morphometric indices as well as IRAT indicate a high degree of 
relative tectonic activity mostly corresponding to the distribution of the prominent 
fault zones (previously mapped or visualized on the basis of geologic/geomorphic 
evidence) in the study area. Rapid uplift, as reflected by low mountain front sinuosity 
values and V-shaped valleys, differential tilting as evidenced by basin asymmetry, 
highly elongated sub-basins, relatively straight stream channels and high stream-
length gradients indicate strong neotectonic activity within, and indeed around the 
Goriganga basin.  
Five of the large sub-basins – all on the eastern bank of the Goriganga – show high 
IRAT values indicating a very strong tectonic activity to the east of the Goriganga as 
compared to the western side. Four sub-basins having an IRAT value of 4 are lined up 
along the central part confirming a highly active tectonic zone traversing the 
Goriganga Basin in a NE-SW direction. A solitary sub-basin in the south – the 
Kholiagaon sub-basin – trending in a NW-SE direction seems to be under the 
influence of a different tectonic regime. Almost all sub-basins with the highest IRAT 
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values lie within the Himadri domain – in between the Trans-Himadri Fault and the 
Vaikrita Thrust.  
Table 5.2: The averages of the various indices of active tectonics for the sub-basins of 
the Goriganga considered for this study. 
SNO NAME Smf Cs Ff Af Dd Re Lg Bs HI Vf Rr SL IRAT 
1. Surajkund 2 3 2 3 3 2 3 1 3 1 1 2 2.17 
2. Nandpal 3 1 1 1 2 1 2 1 2 2 1 2 1.58 
3. Magroon 2 3 1 3 2 1 2 1 3 2 2 2 2.00 
4. Timphu 3 2 1 3 3 1 3 3 2 2 2 2 2.25 
5. Goenka 3 3 1 1 2 1 2 1 2 2 3 1 1.83 
6. Kalganga 2 3 2 2 2 2 3 1 3 2 2 2 2.16 
7. Pachhu 3 2 2 3 3 2 3 3 2 3 3 1 2.50 
8. Pachhugad 3 3 3 1 2 3 3 3 2 1 1 2 2.25 
9. Bilju 2 1 1 1 3 1 3 2 2 2 3 1 1.83 
10. Barphu 3 1 1 1 3 1 3 1 3 1 2 2 1.83 
11. Lawan 3 3 3 2 3 3 3 2 2 1 1 2 2.33 
12. Gangola 3 3 2 3 3 2 3 1 2 1 3 1 2.25 
13. Martoli 2 3 3 1 3 3 3 3 2 1 1 2 2.25 
14. Shalang 3 3 2 1 2 2 3 2 3 3 2 1 2.25 
15. Ralam 2 2 3 2 2 3 3 3 3 3 1 3 2.50 
16. Poting 3 2 2 2 2 2 2 1 3 3 2 2 2.17 
17. Bogdiyar 3 3 1 2 2 1 2 3 2 3 3 3 2.33 
18. Sain 3 3 2 1 3 2 3 1 2 2 2 3 2.33 
19. Pilthi 3 3 2 3 1 2 2 2 2 3 2 3 2.33 
20. Balati 1 3 3 1 3 3 3 3 3 3 2 3 2.58 
21. Munsiari 3 2 2 3 2 2 2 1 2 3 1 2 2.08 
22. Madkot 3 3 2 2 2 2 2 2 2 3 2 1 2.16 
23. Piyunsiani 2 3 3 2 3 3 3 3 2 3 2 1 2.50 
24. Bona 3 3 3 2 2 3 2 3 3 3 2 3 2.67 
25. Kotalgaon 2 1 2 2 1 2 1 2 2 3 2 1 1.75 
26. Seraghat 3 3 1 3 1 1 1 2 2 2 3 1 1.92 
27. Pharwakot 3 2 3 2 1 3 2 2 3 3 1 3 2.33 
28. Darma 3 3 2 3 1 2 2 1 2 3 1 1 2.00 
29. Baram 3 3 2 1 2 2 2 1 3 3 2 2 2.17 
30. Toli 3 3 2 1 2 2 2 1 1 3 1 3 2.00 
31. Kholiagaon 3 3 3 1 2 3 2 3 3 3 1 3 2.50 
32. Jauljibi 3 3 2 1 1 2 1 1 3 3 2 3 2.08 
All-in-all, the eastern half of the Goriganga valley seems to be relatively more 
active as compared to the western part. Neotectonic movements, as reflected in the 
dynamic character of the resulting geomorphic features and structures in the 
Goriganga basin indicate a general compression in the NNW-SSE direction, resulting 
 94 
in an east-west extension and a conjugate set of NE-SW and NW-SE trending faults 
or shear zones which actively influence and control the development of drainage in 
the area.  
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Chapter 6 
Field & Other Evidences of Active Tectonics 
 
 
 
 
 
 
Apart from morphotectonic indices, ongoing deformation may also be assessed 
by the type, scale, magnitude and timing of landscape and landform features they 
produce. Geomorphic features may help in the recognition of evidence of active 
tectonics. Various geomorphic features which are cited as indicators  of neotectonic 
activity are surface outcrops of fault gouge and breccias, hydrothermally altered 
mineral assemblages indicating faulted zones, fault scarps, landslides, unpaired river 
terraces,  ponding of rivers, paleochannels, paleolake deposits, uplifted potholes, deep 
gorges with convex walls, and stream offsets (for example Valdiya, 2001a; Schumm 
et al., 2002; Thakur, 2004; Kothyari and Pant, 2008; Joshi et al., 2010; John et al., 
2013 and  Malik et al., 2014). The drainage networks in tectonically active regions are 
strongly and rapidly influenced by tectonic forcing and erosional changes, and are 
hence potentially instrumental in decrypting the tectonic status of the area under 
consideration (for example Keller et al., 2000; Beneduce et al., 2004; Bull, 2007; 
Bishop et al., 2005; Ribolini and Spagnolo, 2008; Pérez-Peña et al., 2010 and 
Mumipour and Nejad, 2011). The interaction of active tectonic processes and erosive 
forces have produced landforms and patterns in the Goriganga Basin which, though 
not measurable in the form of any index, are nevertheless unequivocal indicators of 
ongoing and/or recent tectonic activity in the Basin. This chapter deals with such 
evidences – their observation and inferences drawn on their basis.  
Field work in the Goriganga Basin undertaken in June 2011, March 2013 and 
2015 allowed us to observe a number of features which are considered tell-tale 
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evidences of ongoing tectonic activity viz., fault scarps, waterfalls and rapids, fault 
gouge and breccias, faulted contacts of sedimentary and metamorphic rocks, 
landslides and differential uplift of alluvial terraces along stream valleys. A number of 
geomorphic and other features considered strong evidence of active tectonics, as 
observed at locations indicated in the map in Figure 6.1 are described hereunder. 
Fault Scarps: 
All along the Goriganga River, 
from its confluence with the Kali to 
the headwaters, there are numerous 
fault scarps which speak volumes in 
favour of a tectonically active terrain. 
Fault scarps are also very common 
along the tributaries of the Goriganga, 
particularly in the southern portion. A 
fault scarp is a small offset of the 
ground surface where one side has 
moved almost vertically with respect 
to the other. Scarps are topographic 
expressions of faulting attributed to 
the displacement of the ground 
surface along steeply dipping faults. 
Scarps are manifested either by the 
exposure of the fault surfaces of 
active or very recent origin, or by 
rapid erosion of one of the fault 
blocks which may be composed of 
relatively softer rock. Intensely fractured rocks of both hard and soft consistency are 
often found along fault scarps. Although they can be produced by any kind of fault, 
active scarps are generally formed by tectonic displacement, particularly when a 
seismic event causes ground rupture and displacement. Displacement along scarps is 
usually episodic, with their height being the result of multiple movements. 
Displacements of 5-10 m per seismic event are reported to be common (Strahler, 
1960). Faults giving rise to scarps are quite often very prone to erosion, since large 
 
Figure 6.1:  Selected windows in the Goriganga 
River basin, showing structural control on the 
drainage network as evidence of active 
tectonics in the region. Locations of 
geomorphic features indicative of active 
tectonics are indicated as field photos.  
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volumes of even hard, competent rocks are crushed along faulted zones and rendered 
vulnerable to rapid erosion. In due course of time, these become sites of V-shaped 
valleys along runoff channels. Figure 6.2 shows a prominent fault scarp along the 
Basaura Dhar (Field Photo 1), a tributary of the Rauntis Gad stream which occupies 
the Kholiagaon (#31) sub-basin.  
Hydrothermal Assemblages: 
Upwelling hot aqueous fluids, 
originating as a consequence of 
magmatic crystallization or 
metamorphism in the lower reaches 
of the lithosphere, move up along 
fractures and fissures, interacting 
with and altering minerals of the 
rocks they encounter en route.  This 
brings about a change in the 
mineralogy of rocks so affected. 
Such rock-fluid interactions produce 
characteristic mineral assemblages 
called alteration mineral 
assemblages, which are mainly clay minerals (hydrous alumino-silicates), the 
presence of which is considered evidence of fault and thrust zones, particularly in 
areas where there is no other topographic or other evidence of dislocation. The 
patterns of occurrence of such mineral assemblages define the location and extent of 
fracture zones. Hydrothermal fluids are in plentiful supply in orogenic belts where 
intense metamorphism of sediments and sedimentary rocks releases fluids in large 
quantities. Farooq and Govil (2014), investigating metallogeny in the eastern Kumaon 
Himalaya through analysis of Hyperion hyperspectral data, reported the occurrence of 
typical hydrothermal minerals like illite, kaolinite, serpentine, chlorite etc. on the 
basis of which they identified zones of hydrothermal alteration, coeval with faults and 
fractures in the Goriganga Basin. Figure 6.3 shows an outcrop of a faulted zone in the 
Darma sub-basin (Field Photo 2), where the Chhiplakot thrust and the Baram Fault 
become coincident. Minerals found here are mainly clay minerals - recognizable only 
 
Figure 6.2: Fault scarp along the Basaura Dhar in the 
Kholiagaon Sub-basin – the striated surface of 
the scarp indicates an almost vertical 
displacement.  
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through x-ray diffraction or through analysis of spectra in the short wave infrared 
region.  
 
Figure 6.3: A pocket of light coloured clay minerals, indicating a faulted zone along which hot, 
aqueous fluids ascended to interact with rocks to produce this assemblage. 
Evidence of hydrothermal activity, as demonstrated by the presence of hydrothermal 
minerals is commonly found throughout the Goriganga Basin. The altered zones are 
quite often found in the vicinity of, and in alignment with stream channels. This is 
taken as evidence of the channels of such tributaries being controlled by the major and 
active faults and lineaments. Longitudinal valleys are reported to form first-order 
geomorphic features in mountain belts (Koons, 1995; Hallet and Molnar, 2001). They 
are known to develop where the strike-parallel structural grain of the underlying 
geology dominates the topography (Jamieson et al., 2004; Raj, 2008). Tectonic 
structure and faults exert major controls on the course of longitudinal rivers. 
Arian and Nouri (2015), while exploring for  mineral deposits in the Iranian part of 
the Alpine-Himalayan orogenic belt by mapping alteration mineral assemblages 
through processing of multispectral ASTER data, identified lineaments (faults and 
thrusts) which they believed would be the loci of metallic mineral deposits. Their 
results show that hyperspectral data has great ability to detect iron oxides and argillic, 
phyllic and propylitic assemblages which are characteristic of wallrock alteraton. 
They confirmed the presence of alteration mineral assemblages through field checks. 
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Waterfalls: 
Waterfalls are temporary base 
level perturbations caused due to 
rapid displacements along faults 
transecting stream channels. Upon 
reaching the fault plane along which 
sudden displacement has taken place, 
the stream cascades or tumbles down 
the steep slope to form a waterfall. In 
due course of time, stream erosion 
levels the elevation difference thereby 
obliterating the waterfall. Thus the 
presence of waterfalls in the 
Kotalgaon sub-basin (Field Photo 3) 
constitutes a strong evidence of 
neotectonic activity in the sub-basin 
(Figure 6.4). Numerous perennial and 
occasional waterfalls are found all along the Goriganga River and its tributaries. 
Particularly notable are the ones on both sides of the river between Jauljibi and 
Madkot.  At Charari near Madkot, two waterfalls on the right bank and three along the 
left bank of the Goriganga River are seen having a fall around 75 m. The confluence 
of the Rauntis Gad with Goriganga is a waterfall. Falls originating from tops of the 
mountains are definite evidence of recent fault displacements.  
Landslides: 
Landslides are natural consequences of dynamic processes carving the landscape 
at regional and smaller scale in mountainous terrain.  Slides occur in response to a 
decrease of cohesion and shearing resistance, leading to instability and slope failure. 
Heavy precipitation in areas of weak and jointed bedrock, bedding/foliation dipping in 
the same direction as the ground slope, moderate to high ground slopes, lack of 
vegetative ground cover and proximity to drainage and major faults may increase the 
possibility of various types of slides (Gokceoglu and Aksoy, 1996). Landslides are 
often associated with other calamities like earthquakes, floods and prolonged heavy 
 
Figure 6.4: Waterfall along the Goriganga River in 
the Kotalgaon sub-basin. The drop in level is 
about 10 m. 
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rainfall, especially in mountainous areas devoid of vegetation cover.    In many cases, 
landslides block the flow of rivers temporarily (valley blocking landslides). These 
river blocks, as and when they burst, cause devastation of settlements and 
infrastructure downstream. Figure 6.5 shows a large landslide in the Darma sub-basin 
(# 28) along the right bank of the Goriganga which blocked the channel and forced 
the river to shift 215 m eastwards (Field Photo 4). The landslide covers an area of 6.0 
ha and is located just 1.2 km northeast of the epicenter of the March 1965 earthquake 
of M 5.2, indicating that this is along a concealed fault zone. 
  
Figure 6.5: Lumati-Porthi Landslide of Goriganga Valley (29.904909°N   80.310861°E).  (a) Pre-
landslide image (21.10.2012) and (b) post-landslide image (10.10.2014). The landslide blocked a 
section of the Goriganga River forcing it to shift 215 m eastwards. 
Active tectonics, coupled with changes in climate and land use pattern accelerate the 
frequency of landslides.  Mapping landslide vulnerability is quite often based on the 
assumption that future landslides would occur under conditions similar to those 
observed in the past (Guzzeti et al., 1999).  In addition to this, epicentral regions of 
moderate to high seismicity and slopes, especially those that are devoid of vegetation 
cover, are considered prone to landslides.  Investigating the spatial relationship 
between landslides and their causative factors at the regional level on Lantau Island 
(Hong Kong), Zhou et al. (2002) observed compatible relationship between 
landslides, topography and landcover.  Incorporating such methods as statistics, 
spatial pattern analysis, and interactive mapping, they observed that most of the 
landslides in the island occurred on slopes with angles of 25-35
o
.  Overlaying 
landslide data with landcover, led them to visualize that a large number of landslides 
occurred in the bare-land and shrub-covered area, and in the transition zones between 
different vegetation types.  Rajakumar et al. (2007), while investigating landslide 
susceptibility in the Ooty area of Tamil Nadu, concluded that landslide susceptibility 
was highest on the non-forested slopes between 25
o
 to 45
o
.  They surmised that deep 
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rooted vegetation like shrub, fallow or forest stabilized the topsoil on slopes above 
30
o
, and were an important factor in lowering landslide susceptibility.  They also 
observed that south facing slopes showed a greater vulnerability to landslides, and 
attributed this to the microclimatology and cultivation activities followed in their area 
of investigation.  However, Lulseged et al. (2004) while studying a multitude of 
landslides along the Agano River in the Niigata Prefecture of Japan, observe that 
despite the presence of dense vegetation and little human interference, the area is 
highly vulnerable to landslides. They suggest that most of the landslides here are 
triggered by heavy precipitation, which itself is the result of thick and persistent 
vegetation throughout the region. Intense  rainfall  coupled  with  relentless human  
activity  associated  with  urban  development has  contributed  to  increase in the 
instability  of  slopes (Bhasin  et  al.,  2001).   
  
Figure 6.6: Landslide inventory map of the Goriganga basin (a) seen with the land cover map (b) 
reveals that despite being densely vegetated, the southern part of the basin experiences a higher 
degree of landslide activity. This can be only on account of a very high degree of active tectonics in 
the southern part.  
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For this study, landslides in the Goriganga valley were mapped using high resolution 
imagery as described in Chapter 4. A total number of 687 slides from 2005 to 2015 
were mapped within the basin. A perusal of the landslide map of the Goriganga 
(Figure 6.6a) shows that the maximum number of landslides (470) occurred in the 
southern part of the Basin – south of the Vaikrita Thrust – which falls within the 
Lesser Himalayan domain, followed by 213 in the Higher Himalayan domain between 
the Vaikrita Thrust and the Trans-Himadri Fault. Only nine landslides are recorded 
from the Tethys domain, north of the Trans-Himadri Fault. Juxtaposing the landslide 
inventory map with the land cover map (Figure 6.6 b), immediately brings to fore the 
fact that the highest incidence of landslides in the last decade has been in the most 
densely vegetated part of the Goriganga viz., the Kholiagaon sub-basin in the extreme 
south. It is indeed apparent that contrary to the contention of many a worker in this 
field, as cited in the foregoing, dense vegetation cover in this area has not been able to 
retard the rate of landslide occurrence. This means that if, in spite of a thick 
vegetation cover, the Kholiagaon sub-basin is experiencing a high incidence of 
landslides, it can only be on account of a high degree of active tectonics. This surmise 
is indeed borne by the fact that the Kholiagaon sub-basin lies over, and close to, a 
number of faults which are active. The activity of these faults can be seen in the form 
of an alignment of landslides in the NE-SW and NW-SE directions (Figure 6.7).  
Landslide mapping from remotely sensed data was supplemented with field work 
to clarify ambiguous interpretations, and also ground verification of results of 
classification of Landsat OLI data for identification of land cover types.  Major 
landslides mapped were visited to verify the possible causes of ground failure and to 
interview local communities for the timing and other details. A Garmin hand-held 
GPS receiver with an accuracy of 3 m was used to locate landslides and collect the 
coordinates of important land use features during pre- and post-classification field 
visits to the Goriganga Basin in order to prepare land-use and land-cover maps and 
landslide maps. The coincidence of high frequency of landslides with high seismicity 
in the southern part of the Goriganga Basin, despite the dense vegetation cover, 
prompts the conclusion that it is the high degree of active tectonics that is responsible 
for this. 
The Kholiagaon sub-basin is elongated in a NW-SE direction – the same as the trends 
of faults passing through it. Two anticlinal and three synclinal axes also pass through, 
or lie in close vicinity of the Kholiagaon sub-basin (Figure 5.1). The North Askot  
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Thrust, which separates the high 
grade metamorphics from the 
underlying younger sedimentaries 
(Pant and Farooq, 1984), lies a few 
km south of the Kholiagaon sub-
basin. These facts speak volumes in 
favour of a high degree of tectonic 
activity in the southern part of the 
Goriganga basin. 
 
 
 
 
Seismicity: 
Comprehending seismicity in the region is an important aspect of the study of active 
tectonics. The 1929 M 7.7 Murchison earthquake in northwestern South Island, New 
Zealand, triggered at least 1850 landslides larger than 0.25 ha within a 1200 km
2
 (45 
× 25 km) area close to the epicenter (Pearce and O'Loughlin, 1985). The 7.8 m Nepal 
earthquake of April 25, 2015 and its aftershocks triggered thousands of landslides in 
the rugged terrain of Nepal, and caused nearly 8,900 fatalities.  Hundreds of those 
deaths were due to landslides, which also blocked vital road and trail lifeline routes to 
affected villages (Collins and Jibson, 2015).  Landslides caused by this earthquake 
and its aftershocks continue to pose both immediate and long-term hazards to villages 
and infrastructure within the affected region. About 74 landslides blocked rivers, 
creating temporary dams, which were a major concern for villages located 
downstream (Frank and Gordon, 2015). Keefer (1984) established a relationship 
between earthquake magnitude and landslide distribution.  He showed that the 
maximum area likely to be affected by landslides in a seismic event increases from 
approximately 0 at M ≅ 4.0 to 500,000 km2 at M = 9.2. 
Epicentres of Earthquakes which occurred in the last 50 years within a 30-km 
buffer  zone  around  the  Goriganga Basin show an anomalous distribution pattern. A  
 
Figure 6.7: The highest incidence of landslide 
occurrence is in the Kholiagaon sub-basin (#31), 
which lies over or close to a number of faults and 
fold axes. A high degree of tectonic activity is most 
likely responsible for the landslides.  
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total number of 65 earthquakes 
pertaining to this buffer zone were 
extracted from the database of the 
United States Geological Survey’s 
(USGS) Earthquake Hazards 
Program. The epicenters were 
overlaid on the tectonic map of the 
area around the Goriganga basin. 
The result is presented in Figure 6.8, 
from which it can be seen that a 
majority of the earthquakes in the 
last five decades occurred in the 
Lesser Himalayan domain. In fact 43 
earthquakes are reported from the 
Lesser Himalayan domain, 16 from 
the Higher Himalayan domain and 
only 6 from the Himadri domain.  
Analyzing the earthquake data from June 1998 to June 2011 maintained by the 
India Meteorological department (IMD), Chingtham et al. (2013) found that the 
majority of earthquakes in the Lesser Himalayan domain occurred along the Main 
Boundary thrust. Based on their observation in the northeastern Kumaon Himalaya of 
active geomorphological features viz., various levels of terraces and their relative 
uplift, shifting and ponding of river channels, uplifted potholes, triangular facets on 
fault planes, fault scarps, etc.; and data from a five-station Digital Telemetered 
Seismic Network, Pathak et. al. (2015) observed that microseismic earthquakes 
(magnitude 1.0 - 3.0) frequently occur in the region. The hypocenters of these 
earthquakes are confined to shallow depths (10 - 20 km). They observed a cluster of 
events in the region, sandwiched between the Berinag Thrust in south and Main 
Central Thrust in the north. They surmise that the occurrences of shallow focus 
earthquakes and surface deformational features in different river valley transects 
indicate that the region is undergoing neotectonic activity. 
  
 
Figure 6.8: Seismicity map of the area around 
Goriganga Basin. Most of the earthquakes in the 
last 50 years have occurred in the Lesser 
Himalayan domain, indicating that this sector is 
currently the most active tectonically.  
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Drainage Network Anomalies: 
Active tectonics plays an important role in controlling a fluvial system through a 
modification of channel and basin morphology. The Goriganga River and its various 
tributaries have responded to the ongoing tectonic deformation in the region. The 
Goriganga Basin has been traversed by a number of sub-surface faults, which are 
quite often not apparent at the surface and can be visualized only on the basis of 
perturbations they imparted to the fluvial system. These faults manifest as 
characteristic drainage patterns and landforms viz., elongated river valleys, parallel 
elongated ridges and straight mountain fronts. Fluvial anomalies characteristic of 
active tectonics are also apparent as compressed meanders, anomalous sinuosity, 
knick points, sudden change or reversals in flow direction, and river ponding. 
Fluvial anomalies in the Goriganga system have been observed and interpreted 
by draping high resolution multispectral satellite images over digital elevation 
models, supplemented by field observations. Effects of longitudinal and lateral tilting 
manifest in avulsions of the streams and morphological changes in their basins. Many 
of the envisaged faults cut across the main channel and many run parallel to it.  
In this analysis, a detailed interpretation of the stream network is made. As can 
be seen from the drainage map of the Goriganga basin (Figure 5.1), most of the lower 
order streams join the trunk stream at almost right angles, giving rise to a trellis 
pattern. Still lower order streams, joining the tributary streams occupying highly 
elongated sub-basins, are aligned either in a NE-SW or NW-SE direction, giving rise 
to a rectangular pattern. This is suggestive of a tectonic control over the drainage 
system.  The trellis and rectangular pattern of drainage is suggestive of a highly 
deformed terrain.  Trellis pattern is characteristic of folded terrain, while rectangular 
drainage patterns develop over rocks that offer uniform resistance to erosion, but 
which have two conjugate sets of fractures at approximately right angles. Rock 
fractures are usually less resistant to erosion than the unfractured part.  Surface 
erosion tends to widen these fractures and streams eventually develop along these, 
resulting in a drainage system consisting mainly of straight line stream segments with 
right angle bends, and tributaries joining the trunk streams at high angles. The streams 
on the eastern block are longer and more numerous than those on the western block. 
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Stream Orientation and Active tectonics: Trends of the tributary streams were 
analyzed in order to visualize the fault patterns in the study area that may be exerting 
a primary control over the fluvial system. Figure 6.9 shows the linear trends of 62  
major tributaries of the Goriganga 
occupying its sub-basins, the inset 
shows the results of trend analysis 
in the form of a rose diagram. It is 
apparent from the foregoing that 
whereas the Goriganga River flows 
across the major structural trend of 
the Himalaya, showing no evidence 
(generally) of being influenced by 
even the mega thrusts across which 
it flows, its tributaries are 
influenced in their directions of 
flow by two major sets of 
lineaments in the region – one 
trending N60
o
E while the other 
N06
o
W. These linear trends make 
an angle of about 66
o
. 
This inference is lent support 
by the fact that virtually all known 
faults in and around the Goriganga 
Basin (shown as dashed black lines 
in Figure 6.9) trend either in the NE-SW or NW-SE direction. 
Description and Analysis of Morphotectonic Features: The primary response 
of the Goriganga River and its tributaries to tectonics is manifested as change in 
channel slope, and variations in channel and basin morphology. A perusal of the 
drainage network shows that there are anomalously sharp inflections in the courses of 
some otherwise straight stream reaches indicating the presence of faults or shear 
zones along which recent movement has occurred. These areas are marked as 
Windows 1 to 6 in Figure 6.1 and described in detail hereunder:  
 
Figure 6.9: Most tributary streams of the Goriganga 
are aligned in a NE-SW direction, followed by the 
next frequency group which is aligned in an almost 
N-S direction. Inset shows the trend analysis in the 
form of a rose diagram. 
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Window 1: Channel Avulsion (Ralam): The Ralam Gad occupies the Ralam 
sub-basin (#15) which is indicated to be tectonically very active on the basis of 
various indices viz., form factor, basin elongation ratio, length of overland flow, basin 
shape index, hypsometric integral, valley-floor width to height ratio, the stream-length 
gradient index as well as the Index of Relative Active Tectonics (IRAT).  
 
Figure 6.10: Map showing sharp bends in the course of the Ralam Gad, a tributary of the Goriganga. 
Refer to Window 1 in Figure 6.1 for location and scale. 
In its upper reach, the Ralam Gad appears to be following an almost straight 
NW-SE course (shown as a red dashed line in Figure 6.10), but a closer look reveals 
that it takes sharp turns to the left and right every few tens to few hundred meters. 
Near the eastern edge of the window, it takes a right-angled turn towards the 
southwest and continues with the same pattern. It is apparent that the Ralam Gad is 
flowing along a conjugate set of major fractures present in this part of the Goriganga 
Basin (NW-SE and NE-SW) and the perturbations of a few tens to few hundred 
meters are on account of displacements along minor fractures paralleling this 
conjugate set of fractures.  
Window 2: Compressed Meander (Bogdiyar): Sometimes, rivers flowing 
along otherwise straight courses may show anomalous compressed meanders in 
restricted segments. Such anomalies are clearly discernible in topographic maps, 
satellite imageries or stream networks delineated through processing of digital 
elevation data. In the instant case, the Goriganga River, which follows an almost 
straight course in a NNW-SSE direction, swings into a compressed meander in the 
Bogdiyar sub-basin (# 17) in its central reach (Figure 6.11). 
 108 
Occurrence of such anomalous compressed meanders have been demonstrated to 
be the effect of ongoing scissor fault tectonics by many workers (Bakliwal and 
Sharma, 1980; Ramasamy et al., 1991; Ramasamy, 2005). Anomalous compressed 
meanders indicate that the area is undergoing tectonic activity, which may be 
corroborated by seismotectonics in the region (Ramasamy et al., 1991). In the instant 
case, seismotectonics of the region indeed confirms this. 
Compressed meanders form 
when a straight channel is forced to 
become sinuous because of 
perturbation of channel by 
faulting/shearing, and the meanders 
tend to straighten in over time 
(Schumm et al., 1987 and Schumm et 
al., 2002). Although they have been 
commonly observed in bedrock 
channels, such types of meanders 
have also been reported in alluvial 
plains of the Nile River and have 
been interpreted to reflect tectonic 
effects (Schumm and Galay, 1994). 
Several lines of evidence suggest that 
the compressed meanders in the 
Baghmati River and a major avulsion 
in the same region have been 
triggered by active tectonics (Jain and 
Sinha, 2005). The compressed meander of the Goriganga River in the Bogdiyar sub-
basin can be envisaged to be a result of shearing movement along a NE-SW trending 
left-lateral fault (shown as a red dashed line in Figure 6.11).  Displacement of the 
channel is measured to be 2.35 km. Evidence of this shear zone may also be 
manifested in seismicity of the region. Six seismic events between 2003 and 2014, 
including three within the Goriganga Basin, ranging in magnitude from 4.0 to 5.9 
(Table 3.2) lie exactly along the envisaged shear zone (Figure 2.1). The 30
th
 January 
 
Figure 6.11:   Anomalous compressed meander in the 
Bogdiyar sub-basin is evidence of tectonic 
movement along a NE-SW trending left-lateral 
fault system. The measurable displacement is 
2.35 km. 
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2006 earthquake of M 4.1 (30.1709
o 
N/80.2252
o 
E) occurred very close to this 
anomalous compressed meander. 
The Bogdiyar sub-basin also ranks high on the IRAT scale. It is indicated to be 
tectonically very active on the basis of mountain front sinuosity, asymmetry factor, 
length of overland flow, basin shape index, valley-floor width to height ratio and 
relief ratio. It is important to mention here that The Central Electricity Authority has 
identified eight large and small hydroelectric power schemes for the Goriganga Basin, 
one of which – the Bogdiyar Hydroelectric Project is already under way (the dam site 
is indicated in Figure 6.11). For more details the reader is referred to Chapter 3 of this 
dissertation and various documents available through the websites of the Ministry of 
Power, the Central Electricity Authority and the Uttarakhand Government. 
Window 3: Compressed Meander (Darma North): This window is located in 
the northeastern part of the Darma sub-basin (# 28) and includes a part of the Rachi 
Gad, which is an important tributary of the Goriganga. It flows for about 11 km from 
its headwaters to the confluence with the Goriganga. The Rachi Gad enters the 
window area from the south, flowing in a northwesterly direction. It can be seen  
taking a series of high angled left 
and right turns, following 
alternately the NW-SE and the N-S 
fracture systems, till it takes a U-
turn near the center of the Window, 
to follow the NE-SW lineament 
(Figure 6.12). The Rachi Gad is 
therefore influenced by three sets of 
fractures in the Darma basin. A 
high degree of active tectonics is indicated for this sub-basin on the basis of a number 
of morphotectonic indices viz., mountain front sinuosity, channel sinuosity, 
asymmetry factor and valley-floor width to height ratio. 
Window 4: Compressed Meander (Darma South): This window is located  in  
the  southern part  of the  Darma  sub-basin (# 28)  and  includes  a  part  of  the trunk 
stream. It can be seen here that the Baram Fault, which is indicated to be a high angle 
 
Figure 6.12: Abrupt changes in the course of the Rachi 
Gad – evidence of influence of tectonics over 
drainage. 
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fault becomes coincident with the Chhiplakot Thrust, which is a low angle reverse 
fault. The NE-SW and NW-SE fracture systems are also prominent here. 
The Goriganga, in this reach of its 
course, flows along this zone of 
complex interplay of structural/ 
tectonic elements. As it enters the 
area from the north flowing in a 
general southerly direction (Figure 
6.13), it encounters a left-lateral 
fault and is forced to deflect towards 
the east by nearly 250 meters to 
form an anomalous meander. It 
makes an almost U-turn, eroding its way back to its original channel by flowing 
southwest and south for about 400 meters. On the basis of abandoned channels and 
river terraces, Pathak et al. (2015), suggest a high degree of neotectonic activity along 
the Baram Fault. 
Window 5: Compressed Meander (Kholiagaon): The Rauntis Gad, which is 
the trunk stream of the tectonically very active Kholiagaon sub-basin (# 31) flows 
along a known fault in the southernmost part of the Goriganga Basin. It enters this 
window from the northeast flowing 
in a southewesterly direction, but as 
it reaches the central part of this 
area, it makes a sudden right-angled 
turn towards the left and flows 
straight on along a southeastern 
direction for nearly eight kilometers 
before it confluences with the 
Goriganga. This pattern indicates a 
strong control of the NE-SW and 
NW-SE trending fracture systems 
over the Rauntis Gad. Furthermore, the Khetar Gad, which confluences the Rauntis 
Gad where the latter makes a sudden right-angled turn, also shows the same sharp 
bends in its course. It enters the area flowing in a southeasterly direction, gradually 
 
Figure 6.13: Anomalous compressed meander in the 
Goriganga River – another evidence of 
perturbation by a fault system running across the 
course of the river. 
 
Figure 6.14: Anomalous compressed meanders in the 
Rauntis Gad and Khetar Gad – evidence of 
perturbations in the river courses caused by active 
movements along NW-SE and NE-SW trending 
faults. 
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deflecting towards the northeasterly direction, and taking a sudden plunge southwards 
– in an anomalous meander – to confluence with the Rauntis Gad even as it is in its 
southeasterly course. The displacement along the envisaged fault responsible for this 
situation can be seen in Figure 6.14.   
Window 6: Compressed Meander (Toli): Window 6 is located in the Toli sub-
basin (# 30) whose trunk stream is the lowest reach of the Goriganga River. Here 
again the Goriganga River flows along an anomalous compressed meander, its course 
being perturbed on account of the 
right lateral movement along a NW-
SE trending fault (Figure 6.15). A 
displacement of 540 m is indicated.  
The course of the Goriganga in 
1961, as traced from archived 
topographic maps is shown as a 
black dotted line in Figure 6.15. It 
can be easily appreciated that in the 
five decades between 1961 and 2010 the Goriganga has shifted westwards in this part 
of its course, denuding in the process, about 175 m of the spur (aligned with the 
synclinal axis) that was produced as a result of the displacement of its channel. This is 
firm evidence of tilting of the Goriganga Basin towards west and thus active tectonics 
in the region. 
These are only a few of the anomalies of the drainage system of the Goriganga. 
The reader may, on close scrutiny of the network, find numerous other evidences 
where displacement along faults may be visualized from perturbations of stream 
channels. It is, however, the author’s observation that such evidences of active 
tectonics are much more abundant in the southern part of the Goriganga Basin than in 
the northern part – leading to inferences that are in conformity with the interpretations 
of the active tectonic status on the basis of independent indices of active tectonics, as 
also on the basis of the index of Relative Active Tectonics as reported in Chapter 5.  
 
  
 
Figure 6.15: Perturbation in the course of the 
Goriganga River along a NW-SE trending right-
lateral fault. Shifting of the channel by as much as 
175 m in 50 years is indicated. 
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Chapter 7 
Conclusions & Recommendations 
 
 
 
 
 
 
 
 
This study presents procedures and protocols for morphotectonic analysis 
with the purpose of quantifying the active tectonic status of a region in the 
Himalayan orogen. It provides detailed information on the geological, structural, 
tectonic, seismic and geomorphic settings of the Goriganga Basin in Eastern 
Kumaon Himalaya, which constitute the necessary framework for understanding 
the active tectonic regimes in the region. Study of active tectonics of the 
Goriganga Basin was based on an interpretation of DEM derived morphotectonic 
indices. Morphotectonic and geomorphic analysis of landform features in the 
Goriganga Basin provide an insight into the style and pattern of ongoing tectonic 
deformation. The Goriganga Basin is characterized by several landforms produced 
by active tectonics – notable among which are the elongated valleys of the 
streams, parallelism of tributary streams, tilting of sub-basins, shifting of streams, 
uplift of river terraces and active faults. Investigations made by Philip and Virdi 
(2006) near Singhauli in Haryana, Philip and Sah (1999) in western Doon Valley 
and Malik and Mohanty (2007) in the hinterland of Northwest Himalaya reveal 
the presence of large-scale lineaments, tilting and shifting of streams and 
piedmont, subsidence of land and older rock sequences, uplift of river terraces and 
overriding of younger (Holocene) sediments by active thrusts and normal faults. 
Presence of these features is interpreted by these workers to indicate the co-
existence of compressional as well as extensional regimes.  
 114 
The fundamental outputs in this study are the accurate and replicable datasets 
which are the consequence of using cutting-edge technologies, accurate primary 
datasets, and established procedures and protocols for data processing. The approach 
of applying precise catchment morphometry was implemented by using datasets 
generated by processing remotely sensed data, and techniques of geographical 
information science, and integrating these with data/information available from 
topographic maps and field studies. Results were viewed in juxtaposition with 
seismicity and landslide inventory maps generated as part of this study, and published 
field observations of folds, faults and thrusts, as primary GIS layers. This allowed us 
to draw certain conclusions with regard to ongoing tectonic activity in the area. It may 
be claimed with confidence that the processed data, from which interpretations 
regarding active tectonics have been made, are of unsurpassed quality, although the 
interpretations themselves, being limited by the author’s perceptions of tectonics and 
landscape forming processes, are subjective and therefore lend themselves to scrutiny. 
Neotectonic activity along a fault is often related with landscape evolution in a 
process-response relationship which, in the instant case, has been explored through 
morphotectonic analysis of 32 sub-basins constituting the Goriganga catchment. From 
this study it is concluded that whereas the Goriganga River is antecedent to the rise of 
the Himalaya – as is apparent from its transecting all major and minor structural and 
tectonic trends across the orogen – most of its tributary streams are much younger, in 
as much as they follow along faults and fracture systems which developed late during 
the evolution of the orogenic system. It is also observed that these tributary streams 
have themselves been shifted/offset by active tectonic movements in the form of 
tilting and dislocations. 
Important geomorphic indicators of active tectonics in the Goriganga Basin are 
the development of almost straight stream channels, sharp edges along the mountain-
piedmont junctions, rectilinear basin boundaries, low mountain front sinuosity, basin 
asymmetry, deeply entrenched channels, formation of relatively straight valleys along 
fault traces and sudden changes in the direction of streams which have been offset by 
recent/active faults.  
Analysis of the trends of elongation directions of the sub-basins and tributary 
streams of Goriganga reveals that most of these are aligned in a general NE-SW 
direction (inset, Figure 6.9). As seen in the index of relative active tectonics (IRAT) 
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map of the study area (Figure 5.16), a number of elongated sub-basins (Ralam, 
Bogdiyar, Sain and Pilthi) having the highest IRAT scores, are lined up in a NE-SW 
direction, defining a fairly wide zone of high degree of tectonic activity.  Evidence in 
support of this conclusion also comes from the seismicity map of the Goriganga Basin 
and surrounding areas (Figure 2.1), which shows the postulated zone aligned in a NE-
SW direction. This zone – herein referred to as the Bogdiyar Shear Zone (BSZ) 
(Figure 6.11) – aligns remarkably well with at least half-a-dozen recent earthquake 
epicenters in the Goriganga valley. Notable events which define this shear zone are 
the M 4.1 event of January 30, 2006 (focal depth 40.8 km) at the southwestern 
extremity, and the M 4.0 event of July 03, 2014 (focal depth 35.0 km) in the 
northeast. Significant seismic events in the vicinity of BSZ are listed in Table 3.2. 
This means that the Goriganga Basin has evolved under a ductile shear regime, where 
shearing occurred in a NE-SW direction. Anomalously sharp inflections in the courses 
of some otherwise straight stream reaches lead to the conclusion that much of the 
tectonic activity in the Goriganga Basin is on account of strike slip movements along 
faults and shear zones trending in a NE-SW direction (see for example, Figures 6.11, 
6.13 and 6.14). 
The asymmetry vector map (Figure 5.5) shows that all sub-basins of the 
Goriganga, with the exception of Magroon, Barphu and Munsiari, show varying 
degrees of tilt towards west/northwest. This disposition of sub-basins is interpreted in 
terms of a continuing general tilt of the Goriganga Basin towards northwest – a 
conclusion that is in conformity with observations of Montgomery and Stolar (2006), 
who suggest a rapid uplift along the Kali River (flowing in a NE-SW direction) 
resulting in an actively forming anticline – the Kali River anticline. The Goriganga 
flows over the western limb of the Kali River anticline, which constitutes the right 
bank of Kali River.  
The highest degree of tectonic activity in the Goriganga Basin, as indicated by 
the IRAT score (2.67) is displayed by the highly elongated Bona sub-basin occupying 
the central part of the left bank of Goriganga. This sub-basin lies south of the 
Bogdiyar Shear Zone, and is elongated parallel to it. The Ralam, Pilthi, Balati, 
Piyunsiani, Bona and Pharwakot sub-basins, having the high IRAT scores, lie 
clustered along the east central part of the Goriganga Basin. These sub-basins in 
general show low values of form factor and basin asymmetry (Table 5.2), both of 
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which indices indicate near vertical uplift. Thus, the central sector of the Goriganga 
Basin, particularly the left bank, can be conceived of as a highly tectonically active 
segment of the Basin, where both shearing and uplift are active. 
Although flanked by sub-basins of moderate activity, the Kholiagaon sub-basin 
(# 31) lying at the southern extremity of the Goriganga Basin is indicated to be 
tectonically very active on the basis of a number of indices viz., mountain front 
sinuosity, channel sinuosity, length of overland flow, basin elongation ratio, 
hypsometric integral, valley-floor width to height ratio and stream length gradient 
index. It has one of the highest IRAT scores in the area (2.50). The high degree of 
active tectonics deciphered on the basis of morphotectonic indices is substantiated by 
the fact that a number of known faults and fold axes traverse this sub-basin or pass 
close to it (Figure 5.1). The Kholiagaon sub-basin, with its high tectonic activity is 
juxtaposed against a group of three sub-basins (Darma, Toli and Jauljibi) along its 
northeastern margin, all of which have contrasting low values of IRAT. This 
discontinuity of the tectonic regime is also coincident with the Baram Fault which 
runs in a NW-SE direction, and in fact forces the Goriganga to flow along it for a 
considerable distance in the Darma sub-basin (Figure 5.1). The southern margin of the 
Kholiagaon sub-basin is a well-established tectonic feature – the North Askot Thrust 
(see Figure 3.2). The North Askot Thrust, which is a northern representative of the 
Almora Thrust, is a steeply dipping tectonic plane that separates the Askot 
Crystallines from the underlying sedimentaries, and is characterized by cataclasis, 
intense shearing and mylonitization of rocks, and presence of metamorphosed basic 
sills that are easily weathered (Pant and Farooq, 1984).  
That the NW-SE trending northeastern margin of the Kholiagaon sub-basin is a 
tectonically active feature is also supported by its rectilinear shape and offset of about 
2 km along the NE-SW direction. Other NE-SW trending faults in the Kholiagaon 
sub-basin have been discussed in detail in chapter 6 (Figure 6.14). On the basis of 
these observations it is concluded that the Kholiagaon sub-basin is tectonically very 
active due to the presence of two sets of dislocation planes, one trending in a NE-SW 
direction and the other in the NW-SE direction. Of these two sets, the NE-SW 
trending set is the younger since it offsets the other set.  
A high degree of active tectonics of the Kholiagaon sub-basin is also indicated by 
a high incidence of landslides. Being wedged, as it is, between two tectonic features – 
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the North Askot Thrust in the SW and the Baram Fault in the NE – this sub-basin also 
has the maximum number of landslides occurring per unit area. Out of 687 landslides 
mapped in the Goriganga Basin, 22.4% (154) occur in this sub-basin which occupies 
only 3.6% of the total area of the Goriganga Basin. The high incidence of landslide 
activity can be seen as a proxy indicator of active tectonics. This inference is 
supported by a study of the relationship between landslides and neotectonic activity 
along the Main Boundary Thrust (MBT) in southeastern Kumaon by Kothyari et al. 
(2012), who conclude that there is a high incidence of landslides in the vicinity of 
MBT.  This, in their opinion, is due to high angled slopes, formation of structural 
wedges along free steep slopes, sheared nature of the rocks due to thrusting and 
neotectonic activities along the MBT and other transverse faults. The sudden decrease 
in landslide incidence in adjacent sub-basins on the northeast of Kholiagaon, confirms 
that the Kholiagaon sub-basin is tectonically isolated from the rest of the Goriganga 
Basin along the Baram Fault. 
The high incidence of landslides in the southern part of the Goriganga Basin is in 
spite of a highly dense forest cover (Figure 6.6) which overlies the youthful terrain. It 
can be seen here that, contrary to popular belief, dense vegetation does not help in 
inhibiting landslides. Studying landslides along the Agano River in the Niigata 
Prefecture of Japan, Lulseged et al. (2004) suggested that landslides in heavily 
forested areas are triggered by forest induced precipitation, rather than being inhibited 
by a dense vegetation cover. Sheil and Murdiyarso (2009) suggest that forest cover 
plays a much greater role in determining rainfall than previously recognized. They 
explain how forested regions generate large-scale flows in atmospheric water vapor. 
Makarieva et al. (2006) and Makarieva and Gorshkov (2007), developed a hypothesis 
explaining how forests attract moist air and how continental regions remain wet. The 
extent to which forest cover can induce precipitation and landslides in areas of steep 
slope may be assessed on the basis of studies made by Gordon et al. (2005), who 
suggest that deforestation has already reduced global water vapour flows derived from 
forests by four percent (2680 km
3
 per year) of a global terrestrial derived total of 
67,000 km
3
. If this hypothesis survives scrutiny, it will provide a compelling new 
motivation for reconsidering the causative factors of landslides along new lines of 
investigation. It will transform how we view the relationship of landslides with 
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forests, geomorphic processes, climate forcing, and environmental impacts in 
tectonically active regions. 
As can be deciphered from various morphotectonic indices used for this study, 
the eastern Kumaon Himalaya has a variable rate of active tectonics on account of 
differential movements along the numerous faults and thrusts, shearing and active 
folding/tilting. The southern part of the Goriganga Basin is tectonically more active 
than the central and northern parts. This argument is also supported by the fact that 
the sub-basin of the southern part are much narrower (and deeper) than those of the 
north. The central part of the Goriganga Basin is characterized by shearing along a 
NE-SW direction, and near vertical uplift. The major structures that are the loci of 
present-day tectonic movements in this part of the Himalaya run oblique to the 
regional trend, rather than parallel to it. 
Stress Directions: Field observations in the Goriganga Basin have established that 
the NE-SW trending lineaments are actually normal faults that have produced several 
topographic and geomorphic features such as active fault traces, fault gouges, lateral 
offsets of streams, offset of quaternary terraces, linear valleys running along faults 
and narrow, deep gorges. The tributary streams of the Goriganga generally follow 
these young faults and fractures (Figure 6.9). The maximum stress direction in a basin 
is determined by the perpendicular to the basin elongation direction.  Tjia (1998) 
interpreted the E-W trending normal faults in the Asri depression in the Malacca 
Strait to have developed under a compressional regime whose maximum stress 
direction was perpendicular to the trend of faults. It is apparent that the general 
compression giving rise to the fracture system in the Goriganga basin is in a NW-SE 
direction.  The nature of fault movement, as suggested by the NE-SW and NW-SE 
trending faults indicates an E-W extension in the eastern Kumaon Himalaya. This 
inference is also in conformity with the studies of Yadav et al. (2012) who, using the 
results of analysis of stress patterns of different seismic regimes based on focal 
mechanisms of regional earthquakes of magnitude 3.0 and above, envisage normal 
faulting in the northeastern part of Kumaon, in response to an E-W tensional regime.   
Shear zones are relatively narrow and sub-vertical wrench zones along which two 
adjacent blocks move sub-horizontally, parallel to the strike of the shear zone. It is 
classically accepted that strike slip faulting occurs in a triaxial stress field in which the 
maximum and minimum principal stresses lie in the horizontal plane and the 
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intermediate principal stress is vertical. On the basis of spatial distribution of 
earthquake events between MBT and MCT zones in the eastern Kumaun region, 
Pathak et al. (2016) also conclude that the region is a seismotectonically active 
segment of Himalayan fold-and-thrust belt. On the basis of geomorphic and 
morphotectonic analysis of features similar to those found in the Goriganga Basin, 
focal mechanism solutions of medium size earthquakes, and geological field 
evidences of active faulting, Joshi and Hayashi (2010) have found evidence of active 
normal faulting in a number of places adjacent to the MBT (which otherwise defines a 
zone of convergence) in western Nepal/Eastern Kumaon. 
Morphotectonic model of the Goriganga Basin: The tectonic model of the 
Goriganga Basin can be simplified as a sequence of NE-SW to ENE-WSW trending 
elongated basins formed as a consequence of a compressive regime in a general 
NNW-SSE direction. It is observed that most sub-basins constituting the left bank of 
the Goriganga are elongated in a NE-SW direction, whereas those on the right bank 
have a general ENE-WSW trend. This fact may be suggestive of a decoupling of the 
tectonic regimes of the eastern and western blocks of the Goriganga, which may 
perhaps be explained to be due to a northward extension of the Baram Fault along the 
Goriganga valley.  
The left bank of the Goriganga Basin is more active as compared to the right bank. 
Apart from other morphotectonic indices (Figure 5.16), this inference is also 
supported by the fact that sub-basins constituting the northeastern slopes of the 
Goriganga valley have a greater degree of tilt (towards northwest) as compared to 
those on the southwestern slopes (Figure 5.5). Uplift along the Kali has led to the rock 
formations and drainage basins along the right bank to tilt towards the northwest. The 
sub-basins constituting the right bank, being further away show a lesser degree of tilt. 
The narrowing of the Goriganga Basin towards the southern end is also indicative of 
rapid uplift in this part. The ratios of valley-floor width to height are the lowest for the 
sub-basins in the southern and east-central part. 
This study concludes that the Goriganga Basin is a tectonically active basin. The 
near constant width of the basin in the north and central segments, almost straight 
eastern and western margins and parallelism of the left and right basin boundaries 
speak volumes in support of the suggestion that the north and central parts of the 
basin are under the influence of active faults. The narrowing of the southern portion 
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of the Goriganga Basin as compared to the central and northern portions indicates that 
the southern part of the Basin is rising at a greater rate as compared to the central and 
northern parts. It may thus be concluded that the Goriganga Basin is evolving under 
the influence of the Kali River anticline and active movements along the North Askot 
Thrust, the Baram Fault, and the Bogdiyar Shear Zone. 
Recommendations 
Ongoing tectonic activity or active tectonics of a region implies that the area is 
vulnerable to many kinds of natural disasters – earthquakes, landslides, flash-floods, 
and related hazards. It is a well-accepted fact that damages in the event of a calamity 
can be greatly mitigated by informed decision making for undertaking developmental 
activities in tectonically active areas. This informed approach decreases the casualties 
of life and loss of property manifold.  Special considerations must therefore be made 
for undertaking major developmental activities like human settlements, urbanization, 
road building, laying power transmission lines, constructing tunnels, aqueducts, large 
hydroelectric projects etc. in areas of active tectonics.   
Dangers accruing from active tectonics can be minimized by adopting an 
integrated approach of educating the local communities and generating public 
awareness of vulnerabilities to natural processes, building earthquake resistant 
structures, keeping the level of preparedness for disaster response at a higher level, 
preparing and regularly updating elaborate disaster management plans in case of an 
unfortunate event of a calamity. 
Hydroelectric Projects: The hydroelectric power potential of the Goriganga is 
proposed to be utilized by construction of a 412 m long and 98 m high dam at 
Bogdiyar, harnessing a total head of about 360 m.  The catchment area of the dam site 
is 935 km
2
, with gross storage of 6.31 million m
3
 of water. With the setting aside of 
objections raised by the Forest Department by the Supreme Court of India (The 
Tribune, December 22, 2015), the National Hydroelectric Power Corporation is going 
ahead with preparation of the detailed project report for Goriganga Hydroelectric 
Project.  
According to the Environmental (Protection) Act, 1986, as amended from time to 
time, the proponents of notified projects (including hydroelectric projects) are 
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required to obtain the environmental clearance from the Ministry of Environment and 
Forests (MoEF). The proponent is required to submit an Environmental Impact 
Assessment report (EIA) to the MoEF in a prescribed format (Gazette of India, 2006). 
Whereas the said format includes data pertaining to the possible effects of natural 
disasters like floods, earthquakes, landslides and cloudbursts, it does not include 
information on the active tectonic status of the area which may reveal the ground 
realities as made possible through morphotectonic studies. The dam site of the 
Bogdiyar Hydroelectric Project is located at 30
o12’54” N: 80o13’30” E, just 3.5 km 
north of the Bogdiyar Shear Zone which is tectonically active, as evidenced from the 
seismicity data (Table 3.2).  
It is recommended that the Bogdiyar Project may be reconsidered in view of the 
tectonic status of the area as communicated through this report. It is also 
recommended that for all proposed projects in Uttarakhand (or elsewhere in the 
Himalayan region), the active tectonic status of the area/region be made mandatory in 
the EIA. 
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